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Nonuniform heating is the biggest issue in the microwave heating of prepared
meals. Multiphysics based models are promising tools to improve microwave heating
uniformity by properly designing the food product. However, limited availability of
accurate temperature-dependent material properties, inadequate model prediction
accuracy, and high computational power and complexity in model development are three
gaps that greatly limited the application of these models in the food industry.
To fill in the gaps, firstly, we developed a multitemperature calibration protocol to
measure temperature-dependent dielectric properties (dielectric constant and loss factor).
The temperature-dependent dielectric and thermal (thermal conductivity and specific heat
capacity) properties of mashed potato and whey protein gel were measured from -20 to
100 ˚C and were provided as input to the models.
Secondly, a three-dimensional (3-D) finite element model coupling
electromagnetic and heat and mass transfer was developed to fully understand the
interactions between the microwaves and fresh and frozen mashed potato. Transient point
temperatures, spatial surface temperatures, and total moisture loss predicted by the
models matched well with the experimental validation. A sensitivity analysis of the
effect of input parameters on the model prediction was evaluated in the fresh mashed

potato model and found that the gas diffusion coefficient, intrinsic water permeability,
and the evaporation rate constant are sensitive parameters that need to be determined
accurately. Frequency of updating dielectric properties were evaluated in the frozen
mashed potato model and found that dielectric properties can be updated for every
rotational cycle without affecting the accuracy.
Finally, these models were further simplified to improve their utility in the
microwaveable food development. The simplification of decoupling electromagnetic
from heat transfer analysis (use a constant heat source term based on dielectric properties
at room temperature) did not affect the predicted temperatures considerably, while
reducing the computation time by 93%. A simple 1-D analytical model based on planar
wave assumption was developed to determine the thicknesses of multicompartment meals
based on the dielectric, thermal, and physical properties, so that two compartments could
achieve same heating rate.
These models with different complexity could be used in different stages of
microwaveable foods design.
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CHAPTER I
INTRODUCTION
1.1 Background
Microwaveable foods are convenient and their market segment is growing,
because of fast paced life style. Despite its convenience, the major concern about
microwaveable foods is nonuniform heating, which is due to nonuniform distribution of
microwave power source in oven cavity and variations in dielectric, physical, and thermal
properties of food products (Pitchai et al., 2012). This nonuniform heating not only
affects the food quality but also results in severe food safety issues, especially for notready-to-eat microwaveable foods which have raw or partially cooked ingredients. If
consumers do not cook the not-ready-to-eat meals effectively before consumption, the
pathogens may survive in cold spots and can result in foodborne illness outbreaks
(Vadivambal and Jayas, 2010). Several foodborne illness outbreaks associated with
microwaveable frozen foods have been reported (CDC, 2008; USDA-FSIS, 2010, 2007).
The nonuniform heating in microwaveable food products can be minimized by
properly designing food product, food packages, and microwave heating instructions.
However, it is a challenge for the food industry to develop a microwaveable food system
that delivers good cooking performance across a range of ovens, because microwave
oven performance dramatically varies with wattage and cavity designs. In addition, the
interactions of microwaves with various food components and package materials are
complex. Currently, the food industry use “trial-and-error” method in designing food
products and cooking instructions, which is time-consuming and expensive. Without
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knowing how microwaves interact with the food products, it is difficult for food
developers to improve the heating performance of the food products. Recently, physics
based computer simulation models have been developed to characterize the microwave
heating process, enhance the understanding of interactions between microwaves and food
products, and serve as excellent tools for the food product developers in designing a food
product that cooks more uniformly across a range of microwave ovens (Datta and
Anantheswaran, 2001).
1.2 Research gap
Although many models have been developed to understand the interactions
between microwave and food products, they are not widely used in the food industry to
assist microwaveable food development. This is mainly attributed to three reasons:
lacking of a wide database for food properties, inadequate model prediction accuracy, and
high computational power and complexity in model development.
First, lacking of a wide database of dielectric and thermal properties limits the
application of these models. Dielectric and thermal properties are important parameters
that influence microwave heating, and are basic inputs to the models. Several researchers
have measured the dielectric properties of various food products, such as salmon fillets
(Wang et al., 2008), chicken breast muscle (Zhuang et al., 2007), egg whites and whole
egg (Wang et al., 2009b), hen eggs (Ragni et al., 2007), whey protein gel (Nelson and
Bartley Jr, 2000; Wang et al., 2003), fruits and vegetables (Guo et al., 2011; Tran et al.,
1984), grape juice and wine (Garcıá et al., 2004), macaroni and cheese dinner
preparation, ground whole–wheat flour, and apple juice (Nelson and Bartley, 2002;
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Nelson and Bartley Jr, 2000). However, most of the food samples were measured only in
the thawed state. The properties in the frozen temperature range are needed to simulate
microwave heating of frozen food. In addition, much of the reported food dielectric
properties data obtained by coaxial probe methods were collected after calibrating
dielectric measurement systems at room temperature. The measurement accuracy will be
compromised when the dielectric properties are measured at temperatures far from the
calibration temperature. These errors, primarily attributed to temperature variation, can
be eliminated by calibrating the system at multiple temperatures (Agilent, 2002).
Thermal properties (thermal conductivity and specific heat capacity) are also important
input parameters that will influence the heating performance. During heating and
standing time, the thermal conductivity will influence the diffusion of thermal energy
from hot spots to cold spots (Ayappa et al., 1991). In the microwave heating process,
specific heat capacity of food influences the heating rate. Especially for the frozen
sample, the latent heat associated with phase change will greatly influence the thawing
process (Basak and Ayappa, 2001). A database of thermal properties also needs to be
developed for different food products.
Second, most of the developed models simulate a simplified microwave heating
process without considering mass transport, which do not have adequate prediction
ability and accuracy. Moisture evaporation and movement needs to be considered in
longer microwave heating process for better understanding of microwave heating
process, as they influence the quality of products. This also needs to be considered in the
model to achieve better accuracy. Many microwave heating models have been developed
to improve microwave heating performance using various numerical methods including
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finite-difference time-domain (FDTD) (Kopyt and Celuch-Marcysiak, 2003; Pitchai et
al., 2012; Tilford et al., 2007) and finite element method (FEM) (Curcio et al., 2008;
Geedipalli et al., 2007; Liu et al., 2013; Oliveira and Franca, 2000; Pandit and Prasad,
2003; Zhang and Datta, 2000). However, most of the models assumed the food products
to be single phase of solid food products and only coupled electromagnetic (EM) heating
and heat transfer in solid to simulate a short microwave heating process, where
evaporation and moisture movement in the food products were not significant and
therefore were ignored. These assumptions greatly limited the ability of these models to
fully understand the microwave heating process. Although several comprehensive
multiphase porous media models have been developed, most of the models only solved
two-dimensional (2-D) problems, which is not representative of a real microwave heating
process (Rakesh and Datta, 2011; Rakesh et al., 2012). A 3-D microwave heat and mass
transfer model for microwave heating has not been reported in the literature.
Lastly, long computation time and complexity in model development greatly limit
the applications of these models in the food industry. This can be addressed by either
simplifying the 3-D models to reduce the computation time or to develop a simple 1-D
analytical model which can be computed instantaneously (in less than few seconds) using
simple computing tools. In a microwave heating process, the EM power density analysis
is the most time-consuming step in microwave heat transfer modeling (Liu et al., 2014).
Thus, reducing the computation time on EM power density analysis enables the utility of
the microwave heating models. This needs a good understanding of the EM power
density changes during microwave heating process. In addition, in a practical
microwaveable food product development process, it is not necessary to predict the exact
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spatial temperatures of a food product. A relative prediction of hot and cold spot patterns
is useful for food product developers to identify problems in food design. Thus, a
simplified microwave heating model that can quickly predict the heating patterns of a
food product will enable the model to be useful in food product development.
Currently, penetration depth (a function of dielectric properties) is an important
term that is widely used in the preliminary design of microwaveable food development.
The thickness of a food product was recommended as 2-3 times of the penetration depth.
However, the heating rate of a food product depends on not only the dielectric properties,
but also thermal properties (e.g., specific heat capacity) and physical properties (e.g.,
density). A simple 1-D analytical model to describe the heating rate of a food product
based on its dielectric, thermal, and physical properties will be helpful to assist the food
developers at the preliminary design stage.
Models with different complexities are useful at different stages of food product
development. For instance, a simple 1-D model can be used for preliminary design, and a
simplified numerical model can be used to narrow down the parameters of the design,
while a final comprehensive model can be used to understand the final design, before
prototyping.
1.3 Objectives
This dissertation research was designed to fill the three gaps: develop
temperature-dependent food properties measurement protocol and measure food
properties that would be used as inputs into the multiphysics based microwave model,
develop a comprehensive multiphysics based microwave heat and mass transport model
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to improve the prediction accuracy, and develop simplified models to reduce the
computation time and model complexity for microwaveable food product design, as
shown in Fig. 1.
The specific objectives of this research are to:
I. develop a multitemperature calibration protocol for measuring temperaturedependent dielectric properties of food products from frozen to cooked temperatures and
measures temperature-dependent dielectric and thermal properties of mashed potato and
whey protein gel;
II. develop and validate a multiphysics model that describes heat and mass
transport during microwave heating of fresh mashed potato, and perform sensitivity
analysis of model parameters;
III. extend the multiphysics model from fresh to frozen mashed potato, and
evaluates the effect of frequency of updating dielectric properties on model prediction
accuracy and computation time;
IV. evaluate the effect of decoupling electromagnetics from heat transfer analysis
on model prediction accuracy and computation time in modeling microwave heating of
frozen and fresh mashed potato; and
V. develop a simple 1-D analytical model to determine the thicknesses of
multicompartment meals based on dielectric, thermal, and physical properties to achieve
same heating rate.
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1.4 Dissertation organization
Objective I, covered in Chapter 2, deals with temperature-dependent dielectric
and thermal properties measurement. Objective II, covered in Chapter 3, develops a
multiphysics model to describe heat and mass transport during microwave heating of
fresh mashed potato. Objective III, covered in Chapter 4, extends the multiphysics model
from fresh mashed potato to frozen mashed potato and evaluates the effect of frequency
of updating dielectric properties on model prediction accuracy and computation time.
Objective IV, covered in Chapter 5, demonstrates that the electromagnetics analysis can
be decoupled from heat transfer analysis to reduce computation time without sacrificing
the prediction accuracy. Objective V, covered in Chapter 6, develops a simple 1-D model
to determine the thicknesses of multicompartment meals based on dielectric, thermal, and
physical properties. Following these chapters, a summary and recommendation for future
research are provides in chapter 7.
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Multiphysics Modeling to Enhance Understanding of Microwave Heating of
Food in Domestic Ovens
Temperature-dependent
properties (Objective I)

Simplified models
Comprehensive
multiphysics based heatmass transfer models
with rotation for fresh
(Objective II) and
frozen (II) products

Impact: Enhance understanding of
microwave interactions with food,
useful in later design stage.

Evaluate
accuracy and
computation
time

Decoupling EM
analysis from heat
transfer analysis
(Objective IV)

Impact: Reduce computation
time without considerably
affecting accuracy, useful in
intermedia design stage.

1-D analytical model
(Objective V)

Impact: Useful for preliminary
design of thickness of
multicompartment meals.

Outcome: Can be deployed on a web
Figure 1.1. Objectives for multiphysics modeling to enhance understanding of microwave heating of food in domestic ovens.
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2.1 Abstract
Temperature-dependent dielectric properties (dielectric constant and dielectric loss
factor) and thermal properties (thermal conductivity and specific heat capacity) of whey
protein gel and mashed potato were measured from -20°C to 100°C. A dielectric
properties measurement system and a multipoint temperature calibration protocol were
developed. The system consists of an impedance analyzer, a high-temperature coaxial
cable, a high-temperature coaxial probe, a micro-climatic chamber, and a metal sample
holder. Calibrations at two temperatures (25°C and 85°C) were sufficient to accurately
measure the dielectric properties of foods from frozen to hot temperatures. Dielectric
constant and dielectric loss factor both rapidly increased from -20°C to 0°C. Thereafter,
dielectric constant linearly decreased from 0°C to 100°C, while dielectric loss factor
decreased first and then linearly increased. The thermal conductivity values of whey
protein gel and mashed potato decreased with increasing temperature in the frozen range
and did not change considerably after thawing. The latent heat of fusion values of whey
protein gel and mashed potato were 219.1 and 186.8 kJ·kg-1, respectively. The
temperature-dependent material properties can be used in microwave heat transfer models
for improving heating performance of foods in domestic microwave ovens.
Keywords: Dielectric constant, Dielectric loss factor, Mashed potato, Specific heat
capacity, Thermal conductivity, Whey protein gel.
2.2 Introduction
Microwave heating of food in domestic microwave ovens is rapid and convenient.
However, the major issue in microwave heating of frozen food is nonuniform heating,
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which is due in part to dramatic variations in properties between ice and water. Ensuring
the safety of microwave heating of frozen foods while optimizing the quality of heating
are the major drivers for improving microwave heating uniformity. Understanding how
microwaves interact with food will help food scientists develop packaged food products
that provide better cooking performance in domestic microwave ovens in terms of
heating uniformity (Bradshaw et al., 1997; Gunasekaran and Yang, 2007; Rakesh et al.,
2009; Ryynänen et al., 2004). A coupled electromagnetic and heat transfer model is a
promising tool for understanding the multiphysics process involved in microwave heating
(Chen et al., 2008; Geedipalli et al., 2007; Pitchai et al., 2012). For validating the
performance of a microwave and heat transfer model, suitable foods and accurate
information on their properties are necessary.
Whey protein gel has been used for validating microwave heat transfer models, as
its properties match those of meat products (Tang et al., 2008; Wang et al., 2009a). Whey
protein gel can easily be used to create different shapes and sizes to imitate the physical
characteristics of meat foods (Tang et al., 2008). It can also be formulated to match meat
foods in its dielectric and thermal properties, which are critical parameters influencing
microwave heating. Mashed potato is a popular side dish served in restaurants and
homes. In microwave heating, mashed potato is often used for model validation (Burfoot
et al., 1996; Campañone and Zaritzky, 2005) because of its simple preparation, consistent
chemical composition, and relatively homogeneous structure (Guan et al., 2004).
The dielectric and thermal properties of foods are important parameters that
influence microwave heating. These properties, along with the characteristics of
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electromagnetic fields, determine the absorption of microwave energy and consequent
heating behavior of food materials in microwave heating (Datta and Anantheswaran,
2001). Relative permittivity, the main dielectric property, is a complex quantity, which is
defined as:
    j

(1)

where the real component is the dielectric constant (), the imaginary component is
the dielectric loss factor (), and j = 1 . The dielectric constant is related to the
capacitance of a substance and its ability to store electric energy, while the loss factor
determines the ability of the material to dissipate electric energy as heat (Ryynänen,
1995). Generally, the dielectric properties of food materials vary with composition,
moisture, temperature, frequency, and storage time (Ryynänen, 1995; Sosa-Morales et al.,
2010). Several researchers have measured the dielectric properties of various food
products, such as salmon fillets (Wang et al., 2008), chicken breast muscle (Zhuang et al.,
2007), egg whites and whole eggs (Wang et al., 2009b), hen eggs (Ragni et al., 2007),
whey protein gel (Nelson and Bartley, 2000; Wang et al., 2003), fruits and vegetables
(Guo et al., 2011; Tran et al., 1984), grape juice and wine (Garcıá et al., 2004), macaroni
and cheese dinner preparation, ground whole-wheat flour, and apple juice (Nelson and
Bartley, 2000, 2002). However, most of the food samples were measured only in the
thawed state. The properties in the frozen temperature range are needed to simulate
microwave heating of frozen food. Much of the reported data on food dielectric
properties, obtained by coaxial probe methods, were collected after calibrating the
measurement system with the standard calibration protocol (room temperature air, short
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circuit, and water). Because of the thermal expansion or contraction of the coaxial cable
and probe, the measurement accuracy is compromised when the dielectric properties are
measured at temperatures far from the calibration temperature. These errors, primarily
attributed to temperature variation, can be eliminated by calibrating the system at
multiple temperatures (Agilent, 2002).
Thermal properties (thermal conductivity and specific heat capacity) are also
important input parameters for a heat transfer model. During heating and standing time,
the thermal conductivity will influence the diffusion of thermal energy from hot spots to
cold spots (Ayappa et al., 1991). In the microwave heating process, the specific heat
capacity of food influences the heating rate. Especially for frozen samples, the latent heat
associated with phase change will greatly influence the thawing process (Basak and
Ayappa, 2001).
The objectives of this study are: (1) to determine temperature-dependent dielectric
properties using a coaxial line method after multipoint temperature calibration, and (2) to
determine thermal properties (thermal conductivity and specific heat capacity) of whey
protein gel and mashed potato.
2.3 Materials and Methods
2.3.1 Samples
Whey protein gel was prepared by dissolving 20% whey protein powder (80%
concentrate, Davisco Foods International, Inc., Eden Prairie, Minn.), 0.56% CaCl2, and
0.5% guar gum (guar NT, TIC Gums, White Marsh, Md.) in deionized water. The CaCl2
was added to adjust the dielectric properties of the whey protein gel, which would
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simulate meat products. The guar gum was added to improve the water-holding ability of
the whey protein gel. The solution was stirred for 1.5 h for complete dispersion of the
whey protein powder. The solution was poured into a 22 mm diameter copper tube and
kept at 90°C in a conventional oven for 1.5 h to form a firm gel. The overall moisture
content in the prepared whey protein gel was 80% (wet basis). The whey protein gel was
then stored at 4°C in a refrigerator until used for measurement of dielectric and thermal
properties. The products were stored in the refrigerator for less than three days to
minimize the effect of storage time on the properties.
Mashed potato was made of 23.8% mashed potato flakes (Real Premium mashed
potato, Idahoan Foods, Lewisville, Ida.), 18.6% whole milk (Prairieland Dairy whole
milk, Prairieland Foods, Hallam, Neb.), 53.5% deionized water, and 4.1% margarine
(Great Value margarine, Wal-Mart Stores, Inc., Bentonville, Ark.) by weight basis. No
additional salt was added to the mashed potato. The water and milk were heated to 50°C
on a hot plate with stirring. The margarine was sliced into small pieces and gradually
added into the hot solution. Once the margarine was dissolved in the solution, the
uniform solution was poured into a mixing bowl containing mashed potato flakes. The
mixture was then stirred for 5 min using a mechanical stirrer to make the sample
homogeneous. The overall salt and moisture contents in the prepared mashed potato were
0.4% and 74% (wet basis), respectively. The mashed potato sample was stored at 4°C in
a refrigerator until used for measurement of dielectric and thermal properties.
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2.3.2 Dielectric properties measurement
The dielectric properties were measured with an open-ended coaxial probe in the
frequency range of 300 to 3000 MHz at 5 MHz intervals from -20°C to 100°C. The
dielectric properties measurement system consisted of an impedance analyzer (RF
E4991A, Agilent Technologies, Santa Clara, Cal.), a high-temperature coaxial cable, a
micro-climatic chamber (MCBH 1.2, Cincinnati Sub-Zero Products, Inc., Cincinnati,
Ohio), a high-temperature probe (85070E, Agilent Technologies), and a metal sample
holder, as shown in Figure 2.1. Before calibrations and measurements, the impedance
analyzer was switched on for at least 30 min to warm up, as recommended by the
manufacturer. First, the impedance analyzer was calibrated by using air, short circuit, and
a 50  load. The high-temperature probe was then connected to the impedance analyzer
through a high-temperature coaxial cable. The probe was calibrated with air, short circuit,
and deionized water (Wang et al., 2009b). During the probe calibration, the probe, sample
holder, and short were all placed inside the micro-climatic chamber to maintain them at
the specific calibration temperature. The high-temperature coaxial cable is made of
stainless steel. Part of the high-temperature cable (about 20% of its length) and the test
sample holder were kept in the chamber and were maintained at specific temperatures for
calibration and measurement. This setup minimized the temperature differences between
the probe and the food sample. About 20% of the cable length was exposed to the
specific temperature inside the chamber, while the remaining cable was exposed to
ambient temperature. The errors introduced due to temperature differences along the
cable are negligible, based on our discussions with the manufacturer.
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A custom-designed cylindrical test cell (22 mm inner diameter and 120 mm length)
made of stainless steel was used to control and maintain the sample temperature during
the measurements. The sample size met Agilent’s recommendation that the sample
diameter be greater than 20 mm and the thickness be greater than 20

 r*

mm, where

r* is the relative permittivity of the sample (Agilent, 2011).
The dielectric properties were measured from -20°C to 0°C at 5°C intervals and
from 0°C to 100°C at 10°C intervals. The results are reported at four typical
temperatures, frozen, room, warm, and hot (-20°C, 20°C, 50°C, and 100°C), as a function
of frequency and at key microwave frequencies (915 and 2450 MHz) as a function of
temperature.
2.3.3 Validation of calibration for dielectric properties measurement
Three known standards (air, short circuit, and deionized water) were used to
calibrate the probe. Even after calibration, there are potential additional sources of error,
such as cable stability, air gaps, and sample thickness, that can affect the accuracy of the
measurement. Methanol was used to validate the accuracy of calibration at room
temperature for frequency-dependent dielectric properties measurement. The published
data curves were values calculated by using the Debye equation (Debye, 1929) and
relaxation parameter values for methanol given by Agilent (2006):
 
   s
1  j

(2)

The values of  and  can be calculated by equations 3 and 4, respectively:
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where  is the permittivity at the high-frequency limit, s is the low-frequency
permittivity, and  is the characteristic relaxation time of the medium. The following
parameters were used in the Debye equation for methanol: s = 33.7,  = 4.45, and  =
4.95  10-11 s (Agilent, 2006).
For temperature-dependent dielectric properties measurement, the measurement
accuracy may be compromised when the dielectric properties are measured at
temperatures far from the calibration temperature. Therefore, multipoint temperature
calibrations (1°C, 25°C, 40°C, 55°C, 70°C, and 85°C) were performed to minimize
errors. The number of temperature data points and the selection of calibration
temperatures were determined by comparing measured values with published values for
deionized water (Kaatze, 1989; Risman and Wäppling-Raaholt, 2007). Relative error, a
percentage deviation of measured values from published values at each temperature, was
determined to assess the validity of calibration for the range of temperatures for
calibration at specific temperatures. Once the calibration method was developed, the
temperature-dependent dielectric properties of whey protein gel and mashed potato were
measured.
2.3.4 Penetration depth
The microwave field intensity decays as the wave propagates into the material.
Penetration depth is usually defined as the distance at which the power drops to 36.8% of
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its value at the surface of the material. It is an important concept to evaluate whether an
electromagnetic field at a certain frequency can provide relatively uniform heating in a
given food product (Zhu et al., 2012a). The penetration depth (Dp) can be calculated as
(Metaxas and Meredith, 1983):
Dp 

c
2


  
2f 2  1     1


  



(5)

where  and  are the dielectric constant and dielectric loss factor of the food
sample, c is the speed of light in free space (3  108 m s-1), and f is the frequency of
microwaves (Hz). The above relationship is valid for plane wave incidence to the food
surface. In a real microwave oven, the plane wave assumption is not valid. Despite the
invalid assumption, this relationship shows the relative variation in penetration depth as a
function of frequency, dielectric properties, and temperature and can serve as a guide for
food product development. For that purpose, the penetration depth of whey protein gel
and mashed potato are reported as a function of frequency at selected temperatures
(frozen, room, warm, and hot).
2.3.5 Thermal properties measurement
Thermal conductivity was measured with a thermal properties analyzer (KD-2 Pro,
Decagon Devices, Inc., Pullman, Wash.) connected with a single-needle (TR-1 10 cm
sensor) (Shamsudin et al., 2005). The accuracy of this apparatus is 10%. Both the whey
protein gel sample and mashed potato sample formed in cylindrical tubes (3.5 cm
diameter and 12 cm height) were kept in the micro-climatic chamber. The thermal

21

conductivity was measured from -20°C to -5°C with intervals of 5°C and from 10°C to
80°C with intervals of 10°C. The temperatures of the samples were controlled by the
micro-climatic chamber.
The specific heat capacities of whey protein gel and mashed potato were measured
with a differential scanning calorimeter (DSC 822, Mettler Toledo, Columbus, Ohio)
from -20°C to 120°C at a heating rate of 2°C min-1 (Santos et al., 2005). About 10 mg of
food sample was placed in a 40 L dish (Al-crucibles) and covered with a lid. The dishes
with samples and a reference were placed in the DSC for measurement. Liquid nitrogen
was used to control the frozen temperature. All measurements were performed in
triplicate, and the means of the three measurements are reported.
2.4 Results and Discussion
2.4.1 Frequency-dependent dielectric properties measurement: validation of
calibration
Figure 2.2 shows a comparison of the measurements of frequency-dependent dielectric
constant and loss factor of methanol at room temperature (25°C) with the hightemperature probe. As shown in Figure 2.2, the measured values of dielectric properties
showed a good match with the published values. The root mean square error (RMSE) of
dielectric constant and dielectric loss factor was 0.15 and 0.18, respectively. Therefore,
the 25°C calibration with three known standards (air, short circuit, and deionized water)
is valid for frequency-dependent dielectric properties measurement at room temperature.

22

2.4.2 Temperature-dependent dielectric properties measurement: validation of
calibration
Multipoint temperature calibrations (1°C, 25°C, 40°C, 55°C, 70°C, and 85°C) were
performed to minimize errors. Water is one of the calibration standards. After multipoint
temperature calibration, achieving reliable values for the dielectric properties of water
that are close to the published values does not completely validate the multipoint
temperature calibration for a wide range of dielectric materials. However, since most
food materials have high water content, water is a good material for checking the validity
of the multipoint temperature calibration and the accuracy of the measurements.
At -5°C, the measured dielectric constant and loss factor were 3.5 and 0.08,
respectively, for both calibration temperatures of 1°C and 25°C, which means that the
calibration at 25°C can be used for dielectric properties measurement in the frozen
temperature range. For temperatures above 0°C, the relative errors of dielectric properties
of different temperature calibrations at 2450 MHz are shown in Figure 2.3. The relative
errors of dielectric constants calibrated at multipoint temperatures were generally within
5%, which can be attributed to probe measurement error (Agilent, 2011). However, the
measured dielectric loss factor showed a trend of increasing divergence as the
temperatures increased from the calibration temperature. The maximum relative error of
calibration at 25°C was 33% at 90°C. The higher relative errors at higher temperature can
be attributed to the errors when the calibration was done at room temperature. However,
the relative errors decreased greatly when the high-temperature probe was calibrated near
the temperatures of measurement. The relative error of dielectric loss factor of water at
2450 MHz measured at 90°C decreased from 33% to 12% when the dielectric properties
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measurement system was calibrated at 85°C. Although multipoint temperature calibration
did not completely correct for measurement errors, it is a promising method for more
accurate measurement of temperature-dependent dielectric properties.
A comparison of the dielectric properties of deionized water between measured
(calibrated at 25°C and 85°C) and published values at 2450 MHz is shown in Figure 2.4.
Although higher relative errors are shown at higher temperatures, the measured dielectric
properties are close to the published values. The large relative errors can be attributed to
the low dielectric loss factor values of deionized water at higher temperatures. The
relative errors of dielectric loss factors at 915 MHz showed a trend similar to those at
2450 MHz but were approximately twice as large. This is because the dielectric loss
factor of deionized water at 915 MHz is about half that at 2450 MHz. Figure 2.4 also
clearly shows that calibration at two temperatures (25°C and 85°C) is sufficient for
measuring temperature-dependent dielectric properties from frozen to hot temperatures.
Therefore, 25°C and 85°C calibration temperatures were used for measurement of
dielectric properties of whey protein gel and mashed potato.
2.4.3 Dielectric constants of whey protein gel and mashed potato
The dielectric constant of whey protein gel and mashed potato from 300 to 3000
MHz at four typical temperatures of -20°C, 20°C, 50°C and 100°C (frozen, room, warm,
and hot) are shown in Figures 2.5 and 2.6, respectively (values for -20°C and 20°C
shown here were taken with calibration at 25°C, and values for 50°C and 100°C were
taken with calibration at 85°C). At all temperatures, values of dielectric constant
decreased as frequency increased. Minor fluctuations in dielectric properties were
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observed at around 1200 MHz for whey protein gel and mashed potato, especially at
higher temperatures (50°C and 100°C) (figs. 5, 6, 8, and 9), while this fluctuation was not
observed in liquids (e.g., methanol in fig. 2). This may be due to the disturbance in
connecting the test cell to the probe and to the contact of the food surface to the probe.
After calibrating with water, the test cell was removed and emptied. For measuring the
dielectric properties of liquids, the empty test cell was connected with ease, and therefore
disturbance to the probe was minimal. The liquid sample, such as water or methanol, was
then poured into the test cell, and there was good contact of the probe with the sample.
For measuring the dielectric properties of solids, the test cell was filled with sample and
then connected to the probe. During connection, some disturbance occurred on the probe
end. In addition, the manufacturer recommends that the sample surface be as flat as the
probe face, with surface aberrations less than 2.5 microns (Agilent, 2011). At higher
temperatures, some moisture may evaporate at the contact surface of the food with the
probe. The generated vapor pressure at the contact surface may compromise the flat
surface requirement of the sample. Thus, we observed slight fluctuation in values of
dielectric properties of solid samples at higher temperatures. Similar minor fluctuations in
dielectric data were found in the literature for various products, such as chestnut flour
(Zhu et al., 2012b), fruit juices (Zhu et al., 2012a), and soy flour (Terigar et al., 2010).
For both whey protein gel and mashed potato, the dielectric constant values of frozen
samples were much lower than those of room, warm, and hot temperature samples.
The temperature dependence of the dielectric constants of whey protein gel and
mashed potato at 2450 MHz is shown in Figure 2.7. For both food samples, in the frozen
temperature range, the dielectric constant increased rapidly from the lowest values at the
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frozen state to the highest values at the thawed state. The dielectric constant values of
whey protein gel and mashed potato increased from the lowest value of around 3.5 and
3.8, respectively, at -20°C to the highest values of 59.5 and 47.6, respectively, at 0°C,
where the samples were thawed. At higher temperatures, the dielectric constants of whey
protein gel and mashed potato decreased linearly as the temperature increased from 0°C
to 100°C for both calibration temperatures. The dielectric constants of whey protein gel
measured with calibration at 25°C showed a small difference from the measured values
with 85°C calibration at higher temperatures, especially from 80°C to 90°C. At higher
temperatures, the dielectric constants measured with 85°C calibration showed better
linearity. Therefore, it is recommended that 25°C calibration be used for measuring
dielectric properties at temperatures less than 50°C, and 85°C calibration be used for
measuring dielectric properties at temperatures greater than or equal to 50°C. A similar
trend was also observed at 915 MHz.
The dielectric properties of materials are governed by free water dispersion, bound
water dispersion, and ionic conduction (Feng et al., 2002). The gradual decrease in the
dielectric constant with increasing temperature appears to be reasonable for food samples
containing 70% to 80% water, which is dominated by free water dispersion and ionic
conduction (Feng et al., 2002).
2.4.4 Dielectric loss factors of whey protein gel and mashed potato
The dielectric loss factors of whey protein gel and mashed potato from 300 to 3000
MHz at temperatures of -20°C, 20°C, 50°C, and 100°C are shown in Figures 2.8 and 2.9.
Values for -20°C and 20°C were taken with the 25°C calibration, and values for 50°C and
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100°C were taken with the 85°C calibration. For both samples, the dielectric loss factor at
room, warm, and hot temperatures rapidly decreased with frequency. For example, the
dielectric loss factor of whey protein gel and mashed potato at 100°C decreased from
123.6 and 237.9, respectively, at 300 MHz to 16.9 and 29.7, respectively, at 3000 MHz.
The values of frozen sample were nearly constant (0.1 to 0.3) throughout the whole
frequency range. The dielectric loss factor increased with increasing temperature in the
whole frequency range.
The dielectric loss factors of whey protein gel and mashed potato at 2450 MHz
increased generally with increasing temperature, as shown in Figure 2.10. From -20°C to
0°C, the dielectric loss factor of both samples rapidly increased. The dielectric loss
factors of whey protein gel and mashed potato increased from the lowest values of about
0.2 and 0.4, respectively, at -20°C to about 20.7 and 22.1, respectively, at 0°C. The very
low values of dielectric properties in the frozen temperature range can be attributed the
rigid crystalline structure of ice, which influences the microwave power absorption of
frozen food. Above 0°C, the dielectric loss factors of both samples decreased slightly and
then increased almost linearly with temperature. A slight decrease around the thawing
temperature may be attributed to the structural changes of the samples due to phase
change. From Figures 2.7 and 2.10, it can be concluded that two temperature calibrations
were sufficient. We recommend that calibration at 25°C be used to collect data from
frozen to 40°C and calibration at 85°C be used to collect data from 50°C to 100°C. Table
2.1 summarizes the dielectric data for whey protein gel and mashed potato at various
temperatures at 915 MHz. Note that data were collected using the 25°C calibration for
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temperatures less than 50°C, and 85°C calibration was used for temperatures greater than
or equal to 50°C.
Nelson and Bartley (2002) and Guan et al. (2004) measured the properties of whey
protein gel and mashed potato from thawed condition to hot condition up to 1800 MHz,
whereas our study measured from frozen condition to hot condition up to 3000 MHz
(which includes domestic microwave frequencies). Most importantly, we performed
multipoint temperature calibration, which is critical for frozen and high temperatures,
while previous studies performed only single-point temperature calibration. At 915 MHz,
the trends of dielectric properties as a function of temperature found in this study agreed
well with values reported in the literature. Ionic conduction is the dominant factor for
dielectric loss factor at frequencies lower than about 1 GHz. Therefore, the increase in the
loss factor is mainly attributed to the increase in ionic conduction (Nelson and Bartley,
2002) with increasing temperature at 915 MHz.
The dielectric loss factors of whey protein gel and mashed potato both showed a
significant difference between frozen samples and room, warm, and hot samples at two
typical microwave heating frequencies, which will greatly influence the microwave
heating rate. The volumetric heating rate or the power deposition of microwaves (Q) can
be calculated as: Q = 2f·0··(Erms)2, where f is the frequency of the microwaves, 0 is
the permittivity of free space,  is the dielectric loss factor of the material, and Erms is the
root mean square value of electric field intensity at a location (Liu et al., 2013).
Therefore, the nonuniformity of the microwave heating rate is related not only to the
electromagnetic field pattern but also to the spatial and temporal variation in food
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properties. For frozen food, the microwave heating rate is very slow because of the low
dielectric loss factor. When some part of the frozen food is thawed, the dielectric loss
factor of the thawed regions dramatically increases, and those regions can be heated
quickly. This nonuniform heating phenomenon due to the loss factor is also similarly
explained as “thermal runaway” (Zhu et al., 2012a). This phenomenon challenges the
development of frozen foods for microwave heating with good cooking performance in
terms of heating uniformity. Modeling of the microwave heating process based on
measured dielectric and thermal properties is a powerful tool to assist food scientists in
understanding how microwaves interact with various components of food and can allow
them to design food products and packages that heat more uniformly in a wide range of
microwave ovens. Accurate measurement of temperature-dependent properties is critical
for accurate simulation by these models (Datta and Anantheswaran, 2001; Pitchai et al.,
2012).
2.4.5 Penetration depth
The penetration depth for whey protein gel and mashed potato at temperatures of 20°C, 20°C, 50°C, and 100°C from 300 to 3000 MHz, calculated from average values of
dielectric constants and dielectric loss factors, are shown in Figures 2.11 and 2.12,
respectively. The penetration depths for both food samples decreased with increasing
frequency and temperature, which showed good agreement with previously reported
values for mashed potato (Guan et al., 2004) and Red Delicious apples (Feng et al.,
2002). The penetration depth decreased rapidly at lower temperatures. For example, when
the frequency increased from 300 to 3000 MHz, the penetration depth for whey protein
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gel decreased from 7546 to 154 mm at -20°C and decreased from 12.7 to 6.6 mm at
100°C.
At frozen temperatures (-20°C), the penetration depth was fairly large (203.8 mm
for whey protein gel and 114.4 mm for mashed potato at 2450 MHz), while it
dramatically decreased when the sample was thawed (7.4 mm for whey protein gel and
6.1 mm for mashed potato at 2450 MHz and 0°C). The differences in penetration depth
between the frozen and thawed states of the sample dramatically influenced the heating
uniformity and caused runaway heating. Because of the low penetration depth at higher
temperatures, edge heating may be severe. Therefore, the thickness of food materials
should be considered in food design. For example, in pasteurization with radio-frequency
or microwave energy, the thickness of food materials should be not more than two or
three time the penetration depth (Schiffmann, 1995). For multicompartment frozen meals,
it is ideal to vary the thickness of the food in each compartment depending on the
dielectric properties of the product in that compartment so that the foods in all
compartments are heated uniformly.
2.4.6 Thermal conductivity
The temperature-dependent thermal conductivities of whey protein gel and mashed
potato are listed in Table 2.2. In the frozen temperature range, the thermal conductivity
decreased with increasing temperature due to the decreasing ice fraction. In the thawed
temperature range, the thermal conductivities did not change considerably. A similar
trend was reported for thermal conductivity measurements of dough (Kumcuoglu et al.,
2007), apples (Willix et al., 1998), potato starch, and gelatin (Miyawaki and
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Pongsawanit, 1994). The measured thermal conductivities of whey protein gel and
mashed potato at thawing were close to the reported values for whey protein films
(Tuladhar et al., 2002) and sweetpotato (Fasina et al., 2003), respectively. Whey protein
gel and mashed potato both have slightly lower thermal conductivity values than those of
ice and water (Sears et al., 1982), as whey protein gel and mashed potato contain about
70% to 80% water.
The thermal conductivity difference between frozen and thawed materials will
influence the temperature distribution in food during microwave heating. The heating rate
is lower in the frozen state because of lower dielectric properties. After some part of the
frozen sample is thawed, the heating rate increases in the thawed part because of the
higher loss factor. However, the low thermal conductivity of the thawed layer will delay
the heat transfer between the thawed and frozen materials. These phenomena cause the
hot spots in the food to become hotter, which results in greater nonuniform heating.
2.4.7 Specific heat capacity
The specific heat capacities of whey protein gel and mashed potato as a function of
temperature from -20°C to 120°C are shown in Figure 2.13. Whey protein gel and
mashed potato both showed the same trend. From -20°C to -5°C, the specific heat
capacities of whey protein gel and mashed potato increased slightly from about 0.5 to 5.8
kJ kg-1 °C-1 and from 0.9 to 9.4 kJ kg-1 °C-1, respectively. From -5°C to 10°C, the specific
heat capacities of the two samples increased sharply to peak values of 59.6 and 32.8 kJ
kg-1 °C-1, respectively, at temperature of 2.9°C and 1.6°C and then decreased sharply to
bottom values of about 3.5 and 4.0 kJ kg-1 °C-1, respectively, at temperatures of 8°C and
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5°C. This first peak in specific heat capacity represents the phase change from frozen to
thawed state. By determining the area under the peak from -5°C to 5°C, the latent heat of
fusion was determined as 219.1 and 186.8 kJ kg-1 for whey protein gel and mashed
potato, respectively. After the phase change of melting, the specific heat capacities of
whey protein gel and mashed potato both increased slowly until the temperature reached
the second phase change of vaporization at around 100°C. The latent heat of fusion and
vaporization will delay the temperature rise during phase change. Both the latent heat of
fusion and vaporization of water in whey protein gel are higher than those of mashed
potato, which can be attributed to the higher moisture content of whey protein gel. This
delay in temperature rise also influences the nonuniformity of heating during microwave
heating of frozen food.
2.5 Conclusions
For accurate measurement of dielectric properties as a function of temperature,
especially at frozen conditions, a measurement system and a multipoint temperature
calibration protocol were developed. Enclosing the sample and the high-temperature
probe in a microclimatic chamber was critical for accurate temperature control and
accurate measurement of dielectric data at frozen temperatures. Calibrations at two
temperatures (25°C and 85°C) were sufficient to accurately measure the dielectric
properties of foods from frozen to hot temperatures. At all temperatures, the dielectric
constant and dielectric loss factor both decreased with increasing frequency. In the frozen
temperature range, the dielectric properties rapidly increased with increasing temperature.
At room, warm, and hot temperatures, the dielectric constant decreased linearly with
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temperature, while the dielectric loss factor decreased slightly and then increased linearly
with temperature. The thermal conductivity of frozen samples was higher than that of
room, warm, and hot temperature samples. The latent heat of fusion for whey protein gel
and mashed potato was calculated as 219.1 and 186.8 kJ kg-1, respectively. These
properties are critical input parameters for a microwave heat transfer model, which can be
used by food scientists in developing novel food products that minimize nonuniform
heating during cooking in domestic microwave ovens.
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Figure 2.1. Schematic of dielectric properties measurement system.
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Table 2.1. Dielectric properties (means 1 standard deviation) of whey protein gel and
mashed potato at 915 MHz
Whey
Protein Gel
Mashed Potato
Temperature
(°C)




-20
3.6 0.1
0.1 0.0
4.1 0.0
0.3 0.0
-15
4.0 0.1
0.2 0.0
4.6 0.0
0.6 0.0
-10
4.8 0.0
0.6 0.0
6.8 0.0
1.4 0.1
-5
8.3 0.2
1.9 0.1
31.1 0.6
15.7 0.9
0
65.9 0.4
18.0 0.5
53.5 0.6
25.3 0.9
10
63.8 0.8
19.1 0.1
53.3 0.6
29.8 0.2
20
62.0 1.5
20.9 0.1
52.3 0.5
34.5 1.2
30
60.2 1.8
23.2 0.3
51.9 0.9
40.1 1.0
40
58.7 1.8
25.7 0.1
51.1 1.4
45.8 0.2
50
57.4 0.4
29.3 0.8
50.8 1.3
50.1 0.7
60
56.3 0.8
32.5 1.0
49.3 1.5
54.5 0.4
70
55.1 1.2
35.4 0.9
49.2 0.8
62.0 0.3
80
53.2 1.4
38.7 0.9
48.1 1.1
70.2 0.5
90
51.6 1.1
42.4 1.7
47.1 1.0
77.8 0.9
100
50.5 1.2
45.0 1.2
45.5 0.7
82.7 2.4
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Table 2.2. Thermal conductivity (means 1 standard deviation) of whey protein gel and
mashed potato.
Thermal Conductivity (W m-1 K-1)
Temperature
(°C)
Whey Protein Gel
Mashed Potato
-20
2.24 0.03
2.19 0.06
-15
2.15 0.00
2.03 0.01
-10
2.12 0.00
1.84 0.00
-5
2.03 0.06
1.67 0.01
10
0.62 0.00
0.57 0.01
20
0.62 0.01
0.59 0.01
30
0.62 0.01
0.57 0.01
40
0.62 0.01
0.58 0.00
50
0.61 0.01
0.57 0.04
60
0.64 0.01
0.59 0.01
70
0.66 0.01
0.59 0.01
80
0.67 0.05
0.59 0.01
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3.1 ABSTRACT
A three-dimensional finite element model coupling electromagnetics and heat and mass
transfer was developed to understand the interactions between the microwaves and fresh
mashed potato in a 500 mL tray. The model was validated by performing heating of
mashed potato from 25 °C on a rotating turntable in a microwave oven, rated at 1200 W,
for 3 minutes. The simulated spatial temperature profiles on the top and bottom layer of
the mashed potato showed similar hot and cold spots when compared to the thermal
images acquired by an infrared camera. Transient temperature profiles at six locations
collected by fiber-optic sensors showed good agreement with predicted results, with the
root-mean-square-error ranging from 1.6 to 11.7 °C. The predicted total moisture loss
matched well with the observed result.
Several input parameters, such as the evaporation rate constant, the intrinsic permeability
of water and gas, and the diffusion coefficient of water and gas, are not readily available
for mashed potato, and they cannot be easily measured experimentally. Reported values
for raw potato were used as baseline values. A sensitivity analysis of these input
parameters on the temperature profiles and the total moisture loss was evaluated by
changing the baseline values to their 10% and 1000%. The sensitivity analysis showed
that, the gas diffusion coefficient, intrinsic water permeability, and the evaporation rate
constant greatly influenced the predicted temperature and total moisture loss, while the
intrinsic gas permeability and the water diffusion coefficient had little influence.
Keywords: microwave heating, heat and mass transfer, finite element method, modeling,
sensitivity analysis.
Practical Application:
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This model can be used by the food product developers to understand microwave heating
of food products spatially and temporally. This tool will allow food product developers
to design food-package systems that would heat more uniformly in various microwave
ovens. The sensitivity analysis of this study will help us determine the most significant
parameters that need to be measured accurately for reliable model prediction.
3.2 Introduction
Nonuniform heating is the biggest issue in the microwave heating of prepared meals,
which not only affects the food quality but also results in severe food safety issues as the
pathogens may not be completely inactivated in cold spots (Vadivambal and Jayas,
2010). Properly designed microwaveable food products and food packages can improve
the interactions between the microwaves and food products, resulting in improved
microwave heating performance. Modeling the microwave heating process can help both
in designing products and in fully understanding the interactions between the microwaves
and food products. Computer simulation of the microwave heating process is becoming a
powerful tool to help food scientists in developing food products, packages and cooking
instructions that provide better cooking performance in domestic microwave ovens in
terms of heating uniformity (Datta and Anantheswaran, 2001).
In the literature (Geedipalli and others, 2007; Oliveira and Franca, 2000; Pitchai and
others, 2014, 2012; Zhang and Datta, 2000), many microwave heating models that
coupled electromagnetics and the heat transfer equations were used to study the effects of
different factors on heating uniformity in the microwave heating process, such as rotation
of turntable, sample size, dielectric properties, microwave frequency, and placement
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within the oven. These models only simulated a short microwave heating time, such as 30
s, where the moisture movement and evaporation were not significant. Liu and others
(2013) developed a 3-D computer model to predict temperature distributions in mashed
potato when heating 150 s on a rotating turntable. They reported that the predicted
temperatures had total relative root mean square error (4.45%), which was primarily due
to ignoring the moisture migration.
For longer microwave heating duration, water evaporation is significant not only on
the food surface but also inside the food product due to volumetric heating. Foods are
generally considered as a porous media, which refers to a solid having voids (pores) that
are filled with gas or liquid (Datta, 2007). A multiphase porous media model combining
the microwave heating source with heat and mass transfer, and including phase change of
water during evaporation, is needed to fully describe the microwave heating process.
Few comprehensive multiphase porous media models have been developed to study
various food heating processes such as conventional cooking, frying, and microwave
puffing (Dhall and others, 2012; Halder and others, 2007a, 2007b, 2011; Rakesh and
Datta, 2011, 2012; Warning and others, 2012). These models coupled different types of
heating sources with heat and mass transfer for different food processes. However, most
of these models only considered 2-dimensional (2-D) problems. A 3-D multiphase porous
media model for simulating combination microwave heating process (electromagnetic,
convective and radiant heating) has been developed (Rakesh and others, 2012). However,
a 3-D multiphase porous media microwave heating model using domestic microwave
ovens has not been reported.
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Multiphase porous media models describing complex physical process, such as
microwave heating in this study, require many input parameters. Some parameters are not
readily available or are difficult to measure experimentally. In these complex
multiphysics models involving many input parameters, parameter sensitivity analysis can
be used to determine the most significant parameters that need to be measured accurately
for reliable model prediction (Halder and others, 2007a, 2007b). In our microwave
heating model, some parameters, such as evaporation rate constant (K), cannot be
determined using experimental methods. Some parameter values, such intrinsic
permeability and the diffusion coefficient of liquid water and gas, can be obtained from
literature. However, the reported values vary widely in the literature. The effect of these
selections on the predicted temperature profiles and total moisture loss needs to be
determined.
The objectives of this study are:
i. to develop and validate a comprehensive 3-D rotational microwave multiphysics
model that includes electromagnetics, heat and mass transfer, and phase change of water
occurring during evaporation, and
ii. to perform a sensitivity analysis of the parameters, such as the evaporation rate
constant (K), intrinsic permeability of water and gas, diffusion coefficient of water and
gas, on the predicted temperature profiles and total moisture loss.
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3.3 Model development, validation, and sensitivity analysis
3.3.1 Geometry
The geometric model included a domestic microwave oven (Panasonic, model No:
NNSD767W, rated at 1200 W) and a food product (Figure 3.1). The oven geometry
included details of the actual oven cavity, magnetron, turntable, waveguide, and metal
bumps. Microwaves were generated by a co-axial magnetron, and were transmitted into
the cavity through a waveguide located on the right side of the cavity wall. The food
product was placed at the center of the rotating turntable.
3.3.2 Assumptions
In this study, the following assumptions were made to simplify the microwave
heating model.
a. The magnetron was assumed to operate at a single frequency of 2.45 GHz.
b. During the microwave heating process, the temperature of air in the oven cavity
was assumed to be constant as the air inside the oven was continually replaced
with the ambient air by the fan.
c. For the food product, it was assumed that there was no bound water. All water
can be evaporated.
d. It was assumed that the structure of the food product does not change (shrink or
expand) during the heating process.
e. Some model parameters which are not available or not easy to measure, such as
evaporation rate constant, and intrinsic permeability values of water and gas, were
assigned constant values in the model, based on reported literature. The diffusion
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coefficient of gas in mashed potato was assumed to be equal to the binary
diffusivity of vapor in air. Those data reported in literature was used in the model
as baseline values.
3.3.3 Governing equations
3.3.3.1 Electromagnetic waves
⃑ ) at any point in the computational domain is governed
The electromagnetic field (𝐄
by Maxwell’s Equations. The combined wave form of Maxwell’s Equations is expressed
as (COMSOL, 2012):
2

⃑⃑ )- (2∙π∙f) (ε' -i∙ε'' )∙E
⃑⃑ =0
∇×μr -1 (∇×E
c

(1)

⃑ is
where f is the frequency of the domestic microwave oven, c is the speed of light, 𝐄
the electric field strength, ε’, ε’’ and µr are the dielectric constant, dielectric loss factor,
and electromagnetic permeability of the domain material, respectively.
The interactions between the dielectric material (food product) and microwaves
generate heat in the computational domain:
Qm = Qml + Qrh

(2)

where Qml is the magnetic loss and Qrh is the resistive loss. For food products that are
not magnetic materials, the heat generation dues to magnetic losses are negligible, i.e.,
Qml = 0.
The resistive loss can be calculated as (Wentworth, 2004):
⃑⃑
Qrh =0.5∙J⃑ ∙E
*

*

(3)

⃑ is the conjugate of ⃑E
⃑ and the electric current density ⃑J can be described as:
where ⃑E
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⃑J= σ∙E
⃑⃑ = 2∙π∙f∙ε0 ∙ε''∙E
⃑⃑

(4)

where σ is the electric conductivity, ε0 is the vacuum permittivity.
Therefore, the electromagnetic power dissipation density (Qm) can be derived as
(Datta and Anantheswaran, 2001):
⃑⃑ |
Qm =π∙f∙ε0 ∙ε''∙|E

2

(5)

3.3.3.2 Mass conservation
The mashed potato can be recognized as a mixture of the solid phase of potato flakes,
the liquid phase of water, and the gaseous phase of water vapor and air. The transport of
species (liquid water, water vapor, and air) inside the food product during the microwave
heating process is described by a multiphase porous media model.
For a volume element, porosity (Ф) is defined as the fraction of pores (occupied by
liquid and gas) to the total volume of the mashed potato, given by:
Ф=

∑i=w,g ∆Vi
∆V

(6)

where ∆Vw and ∆Vg are the volumes occupied by liquid water and gas, respectively;
∆V is the total volume of mashed potato containing solid potato flakes and pores (both
liquid water and gas) in that element.
For the pores in an elemental volume, water saturation (Sw) and gas saturation (Sg)
are defined, respectively, as the volume fraction of liquid water and gas (relative to the
total volume of pores):
Si =

∆Vi
Ф∙∆V

(7)

62

The concentrations of liquid water (Cw), water vapor (Cv), and air (Ca) are described
by the mass conservation equation including the diffusion term (Fick’s law), convection
term (Darcy’s law) and reaction term (phase change) (Stocker, 2011):
∂Ci

+ ∇∙(-Di ∙∇Ci +ui ∙Ci )=±ri

∂t

(8)

where Ci is the concentration, Di is the diffusion coefficient, ui is the convective
velocity which can be calculated by Darcy’s Law, as defined in section 2.3.5, ri is the
reaction term describing the production or consumption of each species (mol∙s-1∙m-3) (“-”
sign used for liquid water, “+” sign used for vapor, r = 0 for air, as the air is neither
generated or converted to another species).
For liquid and vapor water, the reaction term can be calculated by:
r=

I

(9)

Mw

where Mw is the water (vapor) molecular weight, I is water evaporation rate (kg∙s-1∙m-3)
which is discussed in the following section 2.3.3 phase change.
3.3.3.3 Phase change:
The non-equilibrium evaporation rate has been discussed in (Halder and others,
2007a):
I=

K∙Mw ∙(pv,eq - pv )
R∙T

(10)

where K is a parameter signifying the rate constant of evaporation, pv is the vapor
pressure which can be calculated using the ideal gas law, pv,eq is the equilibrium water
vapor pressure, R is the ideal gas constant, T is temperature.
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In a porous food product, water vapor is to be in equilibrium with liquid water within
a finite element. If it is not in equilibrium, the water vapor either condenses or water
vaporizes until the equilibrium is reached. The equilibrium vapor pressure at a particular
moisture content and temperature can be described by the moisture isotherm. An
isotherm for raw potato reported by (Halder and others, 2007a; Ratti and others, 1989)
was used:
pv,eq

ln p

sat (T)

= -0.0267∙M-1.656 +0.0107∙e-1.287M ∙M-1.513 ∙ln[psat (T)]

(11)

where psat (T) is the saturated vapor pressure of pure water, M is the moisture content
(dry basis), which can be calculated by water saturation:
Ф Sw ρ

M = (1-Ф)∙ρw

(12)

s

3.3.3.4 Energy conservation
The modes of heat transfer within the food product include conduction and
convection. All phases in mashed potato including solid phase of potato flakes, liquid
phase of water, and gaseous phase of water vapor and air share the same temperature at
the same location in the food product. The energy conservation includes convection,
diffusion, conduction, water evaporation and microwave heating source, which can be
described as (Delgado, 2011):
∂
∂t

(∑i=s,w,v,a ρi ∙Cp,i ∙T)+∇∙(∑i=w,v,a ρi ∙Cp,i ∙ui,eff ∙T)=∇∙(keff ∙∇T)-λ∙I+ Qm

(13)

where ρi is the density, Cp,i is the specific heat capacity, ui,eff is the effective fluid
velocity combined by convection velocity and diffusion velocity, 𝜆 is the latent heat of
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vaporization. The effective thermal conductivity of mashed potato is the weighted
average of the different phases and components (Choi and Okos, 1986):
keff =(1-Ф)∙ks + Ф∙[Sw ∙kw +Sg ∙(ωv ∙kv +ωa ∙ka )]

(14)

where ωi is the mass fraction.
3.3.3.5 Darcy’s velocity
The pressure driven flow of liquid water, water vapor, and air caused by pressure
gradient within the food domain can be described by Darcy’s Law (Whitaker, 1986):
ui =-

kin,i ∙kr,i
μi

∇P

(15)

where ui is the Darcy’s velocity, kin,i is the intrinsic permeability, kr,i is the relative
permeability, μ𝑖 is the dynamic viscosity, P is the sum of the partial pressures of water
vapor and air based on ideal gas law (P = pv + pa).
3.3.4 Boundary conditions and initial conditions
The walls of the oven cavity are assumed to be a perfect electrical conductor, where
⃑ is zero:
the electric field strength ⃑E
⃑⃑ =0
n×E

(16)

In literature (Halder and others, 2007a, 2011; Rakesh and others, 2012; Warning and
others, 2012), the boundary condition for Darcy’s law was applied by setting the
boundary pressure to be the ambient pressure. In our model development, the Darcy’s
pressure was calculated by the ideal gas law based on the vapor and air concentrations.
Therefore, instead of defining the total boundary pressure to be the ambient pressure, a
concentration of air was defined on the boundary according to the water vapor pressure to
make the total boundary pressure to be the ambient pressure (1 atmosphere pressure).
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The vapor flux from the food surface to the ambient air can be calculated by
convection and diffusion:
nv,sur = Cv ∙un,v + hm ∙Ф∙Sg ∙(ρv - ρv,amb ) /𝑀𝑤

(17)

where Cv and un,v are, respectively, the vapor concentration and vapor velocity on the
food product boundaries; hm is the mass transfer coefficient; ρv is the vapor density on
the food surface, ρv,amb is the vapor density in ambient air, which can be calculated from
the relative humidity of air:
ρv,amb = (

RH%∙psat(T

amb )

R∙Tamb

) ∙Mw

(18)

Liquid water moves from the boundary as vapor after evaporation, or by drip flow
when the water saturation becomes high (Sw = 1):
nw,sur = hm ∙Ф∙Sw ∙ (ρv - ρv,amb ) /𝑀𝑤 + C
⏟w ∙un,w

(19)

when Sw =1

The thermal energy is also carried away by the mass flux and cooling of the food
surface due to convective heat transfer to ambient air.
qn =nv,sur ∙Cp,v∙T∙Mw + hm ∙Ф∙Sw ∙(ρv - ρv,amb )∙(λ + Cp,v ∙T) + ⏟
Cw ∙un,w ∙Cp,w ∙T∙Mw + h ∙(Twhen Sw =1

Ta )

(20)

where qn is the outward normal heat flux, h is the convective heat transfer coefficient, Ta
is the ambient air temperature.
On the bottom boundary of the mashed potato, there is no mass flux or corresponding
heat flux, because of the sealing of the tray bottom.
The initial conditions of temperature, water concentration, vapor concentration and
air concentration are listed in the input parameters table (Table 1).
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3.3.5 Model parameters
Input parameters used in the model are listed in Table 1. The porosity was calculated
from the water content of the mashed potato. The physical and thermal properties were
provided for each component. The relative permeability of water and gas are given by
(Bear, 1972; Warning and others, 2012):
S − 0.09 3
( w
)

k r,w = { 0

0.91

Sw > 0.09
Sw < 0.09

kr,g = Sg

(21)
(22)

The diffusion coefficient of water in mashed potato is given by (Warning and others,
2012):
Dw =1 ×10-7 ∙exp(-2.8+2∙M)

(23)

The temperature dependent dielectric properties of mashed potato were measured
from -20 to 100 °C using an open-ended coaxial probe method as discussed in a previous
work (Chen and others, 2013). The moisture-dependent dielectric properties were not
included in the model.
3.3.6 Simulation strategy
The whole domain was discretized in tetrahedral and prism elements. Boundary
layers were created using finer prism elements on the food boundaries, where greater
mass transport occurs. A mesh independent study was performed as described by
(Geedipalli and others, 2007). The mesh refinement versus normalized power absorption
is shown in Figure 3.2. The mesh sizes used in air, turntable and food domain ranged
from 2 to 26.5 mm, 4 to 6 mm, and 2 to 4 mm, respectively. The numbers of elements in
total domain and food domain are 545,732 and 190,985, respectively.
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To simulate microwave heating of rotating food on the turntable, a custom routine
was developed to interface COMSOL Multiphysics 4.3a (COMSOL Inc., Boston, MA)
with MATLAB (MathWorks Inc., Natick, MA) as shown in Figure 3.3. For discrete
rotation of turntable, rotation angle of 30°for each step was reported to be sufficient (Liu
and others, 2013) and was used to simulate the rotational microwave heating process.
During one rotation of the turntable (10 s), the temperature-dependent dielectric
properties of the food product did not change greatly. Therefore, dielectric properties
were assumed to be constant during one rotation. During one rotation, the electric field
distribution was calculated at 12 rotation steps (every 30°) and was averaged to determine
the average power dissipation density. The averaged heat source was used for heat and
mass transfer calculation for one rotation time. The dielectric properties were then
updated based on the new temperature at the end of the previous time step and the
process was repeated for the next rotation, until the desired heating time was complete.
The simulation was performed on a 2.9 GHz XEON E5-2667 processor with 96 GB
RAM memory. For this particular meshing scheme, the simulation time took about 27 h
for 3 minutes of microwave heating.
3.3.7 Experimental validation
Mashed potato was made from mashed potato flakes, whole milk, deionized water
and margarine, following the preparation procedure described in a previous work (Chen
and others, 2013). The mashed potato was filled in a 500 mL tray and sealed with a
plastic film to prevent moisture loss during storage in a refrigerator.
The refrigerated mashed potato was allowed to equilibrate to ambient temperature
before the microwave heating experiment. The tray of mashed potato was heated for 3
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minutes at the center of a rotating turntable in the microwave oven. Six fiber-optic
sensors (8-channel signal conditioner, FISO Technologies Inc., Quebec, Canada) were
used to monitor the transient point temperatures during heating. The fiber-optic sensors
were inserted in the center plane (15 mm from the top surface) of the food product at six
locations as shown in Figure 3.4. A thermal imaging camera (SC640, accuracy ±2°C,
640× 480 pixels, FLIR systems, Boston, MA) was used to acquire the top and bottom
layers temperature profiles of the mashed potato after 3 min of heating. Simulated
transient point temperature profiles were compared with the experimental result, and
root-mean-square-error (RMSE) was calculated as:
1

RMSE= √n ∑ni=1 (Ts - Te )2

(24)

where Ts and Te are simulated and experimental point temperatures, respectively, and n is
the total number of time steps recorded during heating. The masses of the food sample
before and after microwave heating were recorded to determine the total moisture loss
after 1, 2, and 3 minutes of heating. The experiment was performed in three replicates.
3.3.8 Sensitivity analysis
In the developed model, several parameters were obtained from the literature, where
the values vary widely, as shown in Table 2. The model developed with the values shown
in Table 1 was considered as a baseline model. The value in the baseline model of each
selected parameter was changed to 10% and 1000% of its baseline value for sensitivity
analysis. The predicted temperature for all the nodes in the entire food domain after
varying each parameter was correlated with those from the baseline model. The rootmean-square-error (RMSE) between the nodal temperatures from the baseline model and
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the simulations after varying each parameter values was determined. Note that this
comparison was between the nodal temperatures calculated using the baseline model and
the model using each varied parameter, but not with experimental results. The next two
comparisons were between the experimental and predicted temperatures at six locations
and for the total moisture loss at three times during the microwave heating. The averaged
RMSE values between the predicted transient temperatures and the experimentally
evaluated temperatures at six locations were determined. The total moisture loss was
predicted by the model using varied and baseline parameters and compared to the
experimental total moisture loss.
3.4 Results and discussion
3.4.1 Model development and validation
3.4.1.1 Comparison of spatial temperature patterns and IR images on top and
bottom of food
The comparison between simulated profiles and the three replications of experimental
results on the top and bottom layers of the mashed potato is shown in Figure 3.5. Three
replicates of experimental temperature profiles consistently showed the locations of hot
and cold patterns in mashed potato. The top layer of the mashed potato showed a ring of
hot spots on the edge, while the bottom layer showed relatively uniform heating. The
predicted profiles showed similar hot and cold spot locations on both top and bottom
layers when compared to the thermal images acquired from the experiments.
Both simulation and experiment showed that the mashed potato was not uniformly
heated, where the temperatures of the hot spot on the edge and cold spot at the center of
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the top layer were around 80 °C and 50 °C, respectively. Similar edge heating was also
reported in microwave heating of rotating foods (Geedipalli and others, 2007; Liu and
others, 2013). One minor cold spot and one hot spot of the three experimental replications
consistently showed on the top surface, which were not found in the simulation, shown in
Figure 3.6. The discrepancy in experimental and simulated temperature profiles can be
attributed to the assumption of a single frequency for the magnetron. Pitchai and others
(2012) studied the effect of microwave frequency on the spatial heating profile of gellan
gel and showed that the locations of hot and cold spots changed greatly with slight
change in magnetron frequency. In addition, in the geometric model development, instead
of using sharp edges of the real tray, some smooth modifications on the tray were made
to overcome convergence issues. These small changes in geometry may change the
electromagnetic filed distribution in the cavity, which may also change the heating
patterns.
The relatively uniform heating on the bottom layer for both simulation and
experiment may be attributed to the enhanced heat transfer at the bottom of the tray due
to the closed tray bottom, which is different from the top layer, where the heat and mass
can freely convect out of the food product and go into the air.
3.4.1.2 Comparison of point temperature profiles inside the food
The simulated transient point temperatures of six locations in the mashed potato (15
mm from the top surface) were compared with the three replications of experimental
temperature profiles obtained using fiber-optic sensors, as shown in Figure 3.7. For
different replications of the experiment, the transient point temperature profiles showed
divergence, which can be attributed to the difficulty in maintaining the same consistent
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probe locations in replications (Pitchai and others, 2012). Generally, the simulated results
showed good agreement with the experiment results and showed that the predicted
temperature profiles fall within the three replications of the experiment throughout the
heating time. The simulated transient point temperature at the center (location 4) underpredicted the transient point temperature comparing to all three replications of the
experiment during the whole 3 minutes of heating, which can be attributed to the
inaccuracy of the heating patterns in the simulation. All the simplifications of single
frequency (2.45 GHz), geometric model, and discrete rotational steps (12 steps per
rotation) in the model development influence the electromagnetic field distribution and
power density distribution, which greatly influence the temperature prediction. In
microwave heating, the temperature of food can greatly change within small distances.
Thus, when the hot and cold spot pattern does not exactly match, point temperature
comparisons may show larger differences.
The RMSE was calculated by comparing averaged experimental transient point
temperature profiles with simulated results for each location using Eqn. 24. The RMSE
values of six locations ranged from 1.6 to 11.7 °C. The RMSE of locations 2 and 4
showed higher values comparing to those of locations 1, 3, 5, and 6, which can be
attributed to the inconsistency in experimental result. Maintaining the consistency of
probe location is the biggest problem in real-time temperature measurement using fiberoptic probes. Due to the dramatic variation of electric ﬁeld distribution inside the food
product, a small error in location of the probe in the food might result in dramatic
difference in the measured temperature (Liu and others, 2013; Pitchai and others, 2012).
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3.4.1.3 Total moisture loss
Moisture loss is significant at longer heating times. The total moisture loss profile
comparison between simulation and experiment during the 3 min microwave heating of
mashed potato is shown in Figure 3.8. The predicted total moisture loss showed a good
agreement with observed result. In the first minute, the total moisture loss increased
slowly because of the lower temperature. After 1 min, the total moisture loss linearly
increased with increasing temperature.
3.4.2 Sensitivity analysis
3.4.2.1 Evaporation rate constant (K)
The correlation of nodal temperatures between baseline model and those using
different values of K is shown in a scatter plot (Figure 3.9). The nodal temperatures for K
= 5 s-1 and K = 500 s-1 showed slight divergence from those for the baseline value of K at
50 s-1. The RMSE deviations were 6.1 and 1.0 °C, respectively, for K = 5 s-1 and K = 500
s-1. Points along the diagonal line would indicate that this parameter was not sensitive
and vice versa. Also, most of the points falling in the upper triangle would indicate that
the newer K value over-predicted the temperature, when compared to the baseline value,
and vice versa. In general, the higher the value of K, the higher will be the rate of
evaporation (Eqn. 10) and therefore should result in lower overall nodal temperatures.
Therefore, the lower K value of 5 s-1 results in lower evaporation and higher overall
temperatures by about 6.1 °C (most of data points fall in the upper triangle). Similarly, a
higher K of 500 s-1 results in higher evaporation and lower overall temperatures by about
1.0 °C (most of the data points fall in the lower triangle).
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Figure 3.10 shows that higher evaporation rate constant (K) values lead to a higher
total moisture loss, but shows little difference between those of K= 50 s-1 and K = 500 s-1
(0.4 g at the end of 3 minutes of heating). The predicted total moisture loss using baseline
evaporation rate constant K (50 s-1) and higher K value (500 s-1) shows good agreement
with the experiment results during the heating process.
Table 3 summarizes the RMSE values of total moisture loss for each parameter value,
when compared to experimental observations of total moisture loss. It is interesting to
observe that reducing the K value from 50 to 5 s-1 increased the model error in estimating
total moisture loss, while increasing K value from 50 to 500 s-1 did not change the total
moisture loss. This shows that once K reaches a high enough value, the model
predictions are independent of the actual value of K. Below the critical value of K, this
parameter is a sensitive parameter and greatly influences temperature and moisture
predictions.
3.4.2.2 Intrinsic permeability of water and gas
Higher intrinsic permeability values result in faster transport of water or gas from a
high-pressure (which is usually higher in temperature) region to a low-pressure region
(usually lower in temperature) described by Darcy’s law (Eqn. 15). A higher intrinsic
water permeability resulted in higher overall nodal temperatures (most points falling
above the diagonal line) and higher moisture loss and vice versa (Figure 3.11a and
3.11b). A smaller change from baseline value to 10% of the baseline intrinsic water
permeability resulted in a smaller change in nodal temperature with RMSE value of
4.4 °C, while the larger increase of the baseline value to 1000% of the baseline intrinsic
water permeability resulted in larger RMSE value of 17.5 °C as shown in Figure 3.11a.
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Figure 3.11b shows that the baseline value for intrinsic water permeability of 2×10-15 m2
is appropriate.
Figure 3.11 clearly shows that the intrinsic water permeability is more sensitive
parameter than the intrinsic gas permeability on nodal temperatures and total moisture
loss. Both the nodal temperatures at 10% and 1000% of baseline gas permeability show
similar values (narrow band around the diagonal) to those calculated using the baseline
intrinsic gas permeability with RMSE values of 1.5 and 3.9 °C, respectively, as shown in
Figure 3.11c. Higher intrinsic gas permeability indicates faster movement of vapor
within the food and therefore potentially can induce the ejecting of the vapor out of the
food domain along with its associated thermal energy resulting in overall lower food
domain temperatures. Interestingly, all three parameter values for the intrinsic gas
permeability predicted the similar total moisture loss, indicating that the model is
insensitive to variations in the value of this parameter. This is shown in Figure 3.11d,
indicating that an inaccurate evaluation of this parameter will not considerably cause a
problem for the model.
Table 3 clearly shows that changing the intrinsic gas permeability from 1×10-14 to
1×10-13 m2 increased the total moisture loss prediction error from 0.6 to 1.1 g; while
changing the intrinsic permeability of liquid water from 2×10-15 to 2×10-14 m2 increased
the total moisture loss prediction error from 0.6 to 13 g. Thus, the intrinsic permeability
of liquid water is an important parameter, based on this sensitivity analysis.
Rakesh and Datta (2012) reported that changing the permeability values of water and
gas (±50%) did not affect the total moisture loss significantly. We found similar results
for gas, but not for water. However, we evaluated a wider range of variation (10% to
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1000%), and found that the larger (1000% of the baseline value) intrinsic permeability of
water resulted in higher temperature and total moisture loss.
3.4.2.3 Diffusion coefficient of water and gas
Higher diffusion coefficient results in faster transport of water or gas from a highconcentration region to a low-concentration region described by Fick’s law (Eqn. 8). The
nodal temperatures predicted by the model using 10% and 1000% of baseline water
diffusion coefficient scattered along the nodal temperatures of the baseline model,
indicating less sensitive of water diffusion coefficient on the nodal temperatures, with
RMSE values of 3.1 and 0.8 °C, respectively (Figure 3.12a). Figure 3.12b shows that the
selected water diffusion coefficient (10% to 1000% of the baseline value) did not
influence the total moisture loss.
Figure 3.12c clearly shows that gas diffusion coefficient greatly influenced the nodal
temperatures. The scattered nodal temperatures of 10% and 1000% of the baseline gas
diffusion coefficient showed great divergence, with RMSE values of 16.1 and 28.2 °C,
respectively. Higher gas diffusion coefficient results in faster movement of gas. This
faster movement of gas can potentially eject vapor, and its associated energy, out of the
food domain. The nodal temperature of the model using higher gas diffusion coefficient
stabilized between 60 and 90 °C, because the vapors ejected out quickly from the surface
of mashed potato. In contrast, the nodal temperatures of the baseline reached up to 130
˚C, as vapor and its associated energy did not eject out quickly. However, both the two
scenarios with 10% and 1000% of the baseline gas diffusion coefficient caused higher
total moisture loss than that of the baseline model (Figure 3.12d). This is because, when
gas diffusion coefficient is decreased from 2.6×10-5 to 2.6×10-6 m2∙s-1, the higher
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temperatures in the food product caused higher evaporation leading to larger total
moisture loss. While, when the gas diffusion coefficient is increased from 2.6×10-5 to
2.6×10-4 m2∙s-1, although the nodal temperatures were lower than those of the baseline
model, the faster vapor ejection out of the food domain resulted in lower vapor pressure
inside the food domain causing higher water evaporation and total moisture loss.
Because the total moisture loss did not have a linear trend with the gas diffusion
coefficient, we further studied the relationship between gas diffusion coefficient and total
moisture loss at finer intervals namely, 50%, 80%, 120%, and 200% of the baseline gas
diffusion coefficient value as shown in Figure 3.13. When the gas diffusion coefficient
values are in extreme values (10% and 1000%), the total moisture loss are much higher
than the experiment result; while the gas diffusion coefficient values ranging from 50%
to 200% showed similar total moisture loss prediction when compared to the experiment.
The gas diffusion coefficient in this range seems to be more reasonable values for the
model.
As shown in Table 3, the total moisture loss prediction errors of gas diffusion
coefficient ranging from 0.6 to 5.7 g are larger than those of water diffusion coefficient
ranging from 0.6 to 0.8 g, indicating the sensitivity of diffusion coefficient of gas than
that of water. Thus, an accurate gas diffusion coefficient value is critical in the model for
accurately predicting the temperature and total moisture loss. When the model results are
compared with total moisture loss, the baseline gas diffusion coefficient matched closely
with experimental results and therefore is an appropriate value to be used in the model.
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3.4.2.4 Overall comparison of sensitivity of all parameters
Table 4 shows the averaged RMSE values of the model temperature predictions,
when compared to the transient temperatures measured using fiber-optic sensors at six
locations in the food. The averaged transient RMSE values at six locations, for three
replications of experiments, ranged from 2.9 to 4.4 °C (data not shown). This is due to
difficulty in placing the sensor at the same location and keeping the sensor stay at the
same location throughout the heating period. The baseline model had an averaged RMSE
value of 5.8 °C when compared to experiment. Thus, the average error in temperature
prediction for the food domain after 3 minutes of microwave heating can be considered
accurate to ±5.8 °C, which is slightly higher than that of the experimental error or
variation (2.9 to 4.4 °C). Therefore, the baseline model predictions are reasonable. The
models with different evaporation rate constant, intrinsic gas permeability, and water
diffusion coefficient, showed same or smaller RMSE values (5.4 to 5.8 g) than the
baseline model, indicating little effect of parameter selection on the transient point
temperatures. On the other hand, the intrinsic water permeability and gas diffusion
coefficient showed larger RMSE values ranging from 5.0 to 19.2 ˚C and from 5.8 to 6.9
g, respectively, showing more sensitivity to these parameters in the model. As discussed
in Figures 3.9, 3.11, and 3.12, the simulated nodal temperatures changed greatly using
varied parameter values for gas diffusion coefficient, intrinsic water permeability, and
evaporation rate constant.
Table 3 shows the RMSE values of total moisture loss of various models, when
compared to experimental measurements, which is a gold standard. Table 3 clearly
shows that diffusion coefficient of gas, intrinsic permeability of water, and evaporation
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rate constant (lower than the baseline value) were the most sensitive parameters, which is
in agreement with the conclusions from temperature analysis. The evaporation rate
constant was sensitive, when values lower than the baseline value was used. It is
interesting to note that the model is more sensitive to the intrinsic permeability of liquid
water than to that of gas, while is less sensitive to the diffusion coefficient of water as
opposed to that of gas. Within the short microwave heating time (3 minutes in this study),
there is only 26.3 g of moisture loss out of the 550 g (500 mL) product mass (less than
5% of total mass lost during heating). Therefore, most regions of the product are still
moist and there is not a huge moisture gradient within the product. As a result, the
diffusion coefficient of water is not significant parameter within the short time of
microwave heating. But the intrinsic water permeability is much more sensitive, where
the pressure driven flow of liquid water dominates the transport of liquid water at high
moisture content. On the other hand, the vapor gradients can be significantly high at the
boundaries and the model is highly sensitive to the gas diffusion coefficient.
This sensitivity analysis helped to prioritize which parameters need to be collected
with higher accuracy, and which parameters can be just estimated or assumed. Based on
this study, there is a need to determine the diffusion coefficient of gas and intrinsic
permeability of water in various food components.
3.5 Conclusions
A comprehensive 3-D multiphysics model was developed to describe microwave heating
of a 500 mL tray of mashed potato on a rotating turntable. The model coupled
electromagnetic waves, heat and mass transfer, and phase change of water during
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evaporation. Spatial, transient point temperature profiles and total moisture loss showed
good agreement with the experiment results. Sensitivity analysis was performed on key
parameters of the multiphysics model, such as evaporation rate constant (K), intrinsic
permeability of water and gas, and diffusion coefficient of water and gas. The gas
diffusion coefficient and intrinsic water permeability were the most sensitive parameters.
The evaporation rate constant was sensitive, when values lower than the baseline value
(50 s-1) was used. The intrinsic gas permeability and liquid water diffusion coefficient
were not sensitive parameters. The sensitive parameters represent the important
parameters for multiphysics modeling of microwave heating of such food products and
therefore need to be determined for various food components to develop reliable and
robust heat and mass transfer models for not only homogenous products such as the
mashed potato shown here but also for heterogeneous foods.
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Nomenclature
⃑
𝐄

electric field strength, V∙m-1

𝐉

electric current density, A∙m-2

f

frequency, Hz

c

speed of light, 3.0×108 m∙s-1
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Qm

electromagnetic power dissipation density, W∙m-3

∆V

volume of an element

S

saturation rate

C

concentration, mol∙m-3

D

diffusion coefficient, m2∙s-1

u

Darcy’s velocity, m∙s-1

r

water evaporation rate in mole, mol∙m-3·s-1

I

water evaporation rate in quality, kg∙m-3·s-1

Mw

water (vapor) molecular weight, 0.018 kg∙mol-1

Cp

specific heat capacity, kJ∙kg-1∙°C-1

k

thermal conductivity, W∙m-1∙°C-1

T

temperature, °C

ui,eff

effective fluid velocity, m·s-1

keff

effective thermal conductivity, W∙m-1∙°C-1

pv,eq

equilibrium vapor pressure, Pa

psat(T)

saturated vapor pressure of pure water, Pa

P

total pressure, Pa

M

moisture content (dry basis)

K

evaporation rate constant, s-1

R

ideal gas constant, 8.314 J∙K-1·mol-1

kin

intrinsic permeability, m2

kr

relative permeability

nv,sur

boundary vapor flux, mol∙m-2∙s-1
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nw,sur

boundary water flux, mol∙m-2∙s-1

h

surface convective heat transfer coefficient, W∙ m-2∙°C-1

qn

outward normal heat flux, W∙m-2∙s-1

Ta

ambient temperature, °C

RMSE

root mean square error, °C

Ts

simulated point temperature, °C

Te

experimental point temperature, °C

Greek symbols
𝜇𝑟

relative electromagnetic permeability

ε'

dielectric constant

ε"

dielectric loss factor

ε0

free space permittivity, 8.854×10-12 F∙m-1

Ф

porosity

ρ

density, kg∙m-3

𝜆

latent heat of vaporization, 2.26×106 J∙kg-1

μ

dynamic viscosity, Pa∙s

𝜎

electrical conductivity, S∙m-1

𝜔

mass fraction
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Magnetron
Waveguide
Cavity
Mashed potato

Turntable

Figure 3.1. Geometric model of a domestic microwave oven and a food product.
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Figure 3.2. Normalized power absorption in the mashed potato as a function of total
number of elements.
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For i = 1: rotational time (18)
For j = 1: food locations (12)
Calculate EM field at location j;
Move food product to next location j+1;
End
Average EM field of 12 locations;
Calculate heat and mass transport in food product for one rotation
time;
Update material properties;
End

Figure 3.3. Pseudo code depicting simulation strategy for rotating food on the turntable.
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Figure 3.4. Locations of fiber-optic sensor for transient point temperature in the center
plane (15 mm from the top surface) of the food (top view).

Experiment, °C
Simulation, °C
Replicate 1

Replicate 2

Replicate 3

Top

Bottom

Figure 3.5. Spatial temperature profile comparison between simulation and experiment after 3 minutes of microwave heating
of mashed potato.
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90

2

Figure 3.6. Experimental minor hot (area 1) and cold (area 2) spot on top surface of the
mashed potato after 3 minutes of microwave heating.
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Figure 3.7. Transient point temperature profile comparison between simulation and
experiment (3 replications) at six locations during 3 minutes of microwave heating of
mashed potato ( ——— Simulation --------Experiment).

92

30

Total moisture loss, g

25

Simulation
Experiment

20
15
10
5
0
0

1

2
Time, min

3

4

Figure 3.8. Total moisture loss profile comparison between the simulation and the
experimental results during 3 minutes of microwave heating of mashed potato.
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(a) 10% of baseline K value

(b) 1000% of baseline K value

Figure 3.9. Sensitivity analysis of evaporation rate constant (K) on final nodal
temperatures in the entire food domain. Each point indicates a node. Points over the
diagonal line indicate over-prediction; while points below the diagonal line indicate
under-prediction of the model, when compared to the baseline model.
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Figure 3.10. Sensitivity analysis of evaporation rate constant (K) on total moisture loss.
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(a) Effect of intrinsic permeability of water
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(c) Effect of intrinsic permeability of gas on (d) Effect of intrinsic permeability of gas on
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total moisture loss
Figure 3.11. Sensitivity analysis of intrinsic permeability of water (Figure 3a and 3b) and
gas (Figure 3c and 3d) on final nodal temperatures (Figure 3a and 3c) and total moisture
loss (Figure 3b and 3d) in the entire food domain. For Figure 3a and 3c, each point
indicates a node. Points over the diagonal line indicate over-prediction; whiles points
below the diagonal line indicate under-prediction of the model, when compared to the
baseline model.
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Figure 3.12. Sensitivity analysis of diffusion coefficient values of water (Figure 3.4a and
3.4b) and gas (Figure 3.4c and 3.4d) on final volume nodal temperatures (Figure 3.4a and
3.4c) and total moisture loss (Figure 3.4b and 3.4d). For Figure 3.4a and 3.4c, each point
indicates a node. Points over the diagonal line indicate over-prediction; whiles points
below the diagonal line indicate under-prediction of the model, when compared to the
baseline model.
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Figure 3.13. Difference of total moisture loss between simulations with various gas
diffusion coefficient and experiment at the end of 3 minutes of heating.
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Parameter
Initial conditions
Water saturation
Water concentration
Gas saturation
Vapor concentration
Air concentration
Ambient temperature
Ambient pressure
Density
Solid

Table 3.1. Input parameters
Symbol Value
unit

Source/Remarks

Sw0
Cw0
Sg0
Cv0
Ca0
Ta
Pamb

0.99
43912
0.01
0.01
0.4
25
101325

ρs

1350

kg·m-3

Choi and Okos (1986)

998

kg·m-3

Choi and Okos (1986)

Vapor ρv

Ideal gas

kg·m

Air ρa

Ideal gas

kg·m-3

0.02

kg·m-3

1719

J·kg-1·K-1

Choi and Okos (1986)

Water Cpw

4178

J·kg-1·K-1

Choi and Okos (1986)

Vapor Cpv

2062

J·kg-1·K-1

Choi and Okos (1986)

1006

J·kg ·K

Choi and Okos (1986)

Solid ks

0.20

W·m-1·K-1 Choi and Okos (1986)

Water kw

0.57

W·m-1·K-1 Choi and Okos (1986)

Vapor kv

0.026

W·m-1·K-1 Choi and Okos (1986)

Air ka

0.026

W·m-1·K-1 Choi and Okos (1986)

Intrinsic permeability
Water kin,w

2×10-15

m2

Ni and others, (1999)

Gas kin,g

1×10-14

m2

Ni and others, (1999)

Water ρw

Ambient vapor density
ρv,amb
Specific heat capacity
Solid Cps

Air Cpa

Model assumption
Calculated from Swo
Model assumption
Calculated from Sgo
Calculated from Sgo

mol·m-3
mol·m-3
mol·m-3
°C
Pa

-3

-1

-1

Thermal conductivity

Relative permeability
Water kr,w

Eqn. (21)

Gas kr,g

Eqn. (22)

Water Dw

Eqn. (23)

Gas Dg

-5

Bear (1972)
Warning and others
(2012)

Diffusion coefficient
2.6 × 10

Rakesh and Datta (2011)
m ·s
2

-1

Ni and others, (1999)
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Table 3.1 continued.
Viscosity
Water μw

9.88 × 10-4 Pa∙s

Gas
Latent heat of vaporization
Evaporation rate constant
Mass transfer coefficient
Heat transfer coefficient

μg
λ
K
hm
h

1.8 ×10-5
2.26 × 106
50
0.011
20

Porosity

Ф

0.80

Dielectric constant
Dielectric loss factor

ε’
ε”

Pa∙s
J·kg-1
s-1
m∙s-1
W∙m-2∙K-1

Rakesh and Datta (2012)
Rakesh and Datta (2012)
Rakesh and Datta (2012)
Model assumption
Ni and others (1999)
Ni and others (1999)
Calculated from volume
fraction of water
Chen and others (2013)
Chen and others (2013)

100

Values

Process/Food

Sources

>100

Frying

Halder and others
(2007a)

<1

Baking

Ousegui and others
(2010)

5, 50, 500

Microwave
heating

Our study

1×10-17

meat

5×10-16

Raw potato

1×10-15

Raw potato

5×10-14

Raw potato

2×10-14 to 5×10-16

Mashed potato

1×10-13

Raw potato

2×10-15

Raw potato

1×10-17

Meat

Dhall and others (2012)

Raw potato

Warning and others
(2012)

Mashed potato

Our study

Intrinsic permeability of gas, m2

Intrinsic permeability of water, m2

Parameter

Evaporation rate
constant K, s-1

Table 3.2. Parameter values used in various studies.

kin,w ∙ (1
0.15 ∙ k −0.37
in,w
+
)
p
1×10-13 to 1×10-15

Dhall and others (2012)
Rakesh and Datta (2012)
Ni and Datta (1999a)
Rakesh and Datta (2011)
Warning and others
(2012)
Ni and others (1999)
Ni and Datta (1999b)
Rakesh and others (2012)
Halder and others
(2007a)
Dincov and others (2004)
Halder and others (2011)
Halder and Datta (2012)
Our study
Ni and Datta (1999b)
Ni and others (1999)
Dincov and others (2004)
Halder and others (2007a)
Halder and others (2011)
Halder and Datta (2012)
Rakesh and others (2012)
Ni and Datta (1999a)
Rakesh and Datta (2011)
Rakesh and Datta (2012)
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Diffusion coefficient of gas, m2∙s-1

Diffusion coefficient of water, m2∙s-1

Table 3.2 continued.
4.49×10-5∙exp(-2172/T)

Raw potato

10-6∙exp(-2.8+2M)∙Ф

Bread

10-7

Meat

4.5×10-7∙exp(-2.8+2M)

Raw potato

10-8∙exp(-2.8+2.0M)

Raw potato

1.4×10-9

Raw potato

Dhall and Datta (2011)
Ousegui and others
(2010)
Dhall and Datta (2011)
Dhall and others (2012)
Rakesh and Datta (2011)
Rakesh and Datta (2012)
Ni and Datta (1999b)
Halder and others
(2007a)
Halder and others (2011)
Halder and Datta (2012)
Rakesh and others (2012)
Warning and others
(2012)
Zhou and others (1995)

10-8∙exp(-2.8+2.0M) to
10-6∙exp(-2.8+2.0M)

Mashed potato

Our study
Ni and Datta (1999a)
Ni and Datta (1999b)
Rakesh and Datta (2011)
Rakesh and Datta (2012)
Dhall and others (2012)
Halder and others
(2007a)
Halder and others (2011)
Halder and Datta (2012)
Rakesh and others (2012)

2.6×10-5

Raw potato

2.6×10-5∙(Sg∙Ф)3-Ф/Ф

Meat

2.6×10-6

Raw potato

2.6×10-6∙Ф∙Sg

Raw potato

Dhall and Datta (2011)

Dvc∙[(1-1.11Sw)Ф]3/4

Bread

Ousegui and others
(2010)

𝑇 1.8
2.13 ∙ (273)

Raw potato

𝑝
2.6 × 10 to 2.6 × 10-4

Warning and others
(2012)

Mashed potato

Our study

-6
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Table 3.3. RMSE values of total moisture loss (grams) at various parameters, when
compared to experimental results.
RMSE values of total moisture loss, g
Intrinsic
Diffusion
Parameter
Evaporation rate
permeability
coefficient
variation
constant, K
Water
Gas
Water
Gas
10%
1.4
2.9
0.8
0.8
5.7
Baseline
0.6
0.6
0.6
0.6
0.6
1000%
0.6
13.0
1.1
0.7
4.9
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Table 3.4. Averaged RMSE of transient point temperature (°C) at six locations at the
center plane for various parameters, when compared to experimental results.
RMSE values of temperatures, °C
Parameter
Intrinsic
Diffusion
Evaporation rate
variation
permeability
coefficient
constant
Water
Gas
Water
Gas
10%
5.4
5.0
5.8
5.8
6.9
Baseline
5.8
5.8
5.8
5.8
5.8
1000%
5.8
19.2
5.6
5.8
6.8
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finite element model of microwave heating of frozen food rotating on a turntable. Journal
of Food Engineering. (under review).
4.1 Abstract
A comprehensive three-dimensional finite element model for describing microwave
heating of a food product on a rotating turntable is computationally intensive and time
consuming when including multiphysics of Maxwell’s electromagnetic heating, energy
conservation, Darcy’s velocity, mass conservations of water and gas, and phase change of
melting and evaporation of water. To model the rotation, reduce the computation, and
capture the variation of properties with time, normally, discrete rotational steps are used
in simulating microwave heating of food products when they are on a turntable, and,
typically, dielectric properties are updated at every rotational step. In this study, we
evaluate a simplified approach in which the frequency of updating dielectric properties
was reduced from every rotational step to every rotational cycle, and the heat source was
averaged from all the rotational steps in one rotational cycle for heat and mass transfer
analysis. The models using typical and simplified approaches were developed and
validated for heating of a 550 g tray of frozen mashed potato for 6 minutes in a 1250 W
microwave oven on a rotating turntable. The spatial variation of the top surface
temperatures of the mashed potato acquired by an infrared camera, the transient
temperatures at six locations recorded by fiber optic sensors, and the total moisture loss
during heating all showed good agreement with the simulation results for both
approaches. The typical and simplified approaches had similar RMSE values of transient
temperatures of, respectively, 14.1 and 13.2 °C and similar RMSE values of total
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moisture loss of, respectively, 2.2 and 2.4 g. With 83% reduction in computation time for
the simplified approach, this method can be used to evaluate the microwave heating of
food products and accelerate microwaveable food products development.
Keywords: microwave heating, heat transfer, mass transfer, finite element analysis,
rotation, updating dielectric properties.
4.2 Introduction
Multiphysics models have been developed to characterize the heating of food
products in domestic microwave ovens. These models can enhance the understanding of
interactions between the microwaves and the food products, and serve as an excellent tool
for the food product developers in designing a food product that cooks more uniformly
across a range of microwave ovens (Datta and Anantheswaran, 2001).
Several microwave models for thawing of frozen food products have been reported
(Basak and Ayappa, 2001; Campañone and Zaritzky, 2009; Chamchong and Datta,
1999a, 1999b; Liu et al., 2005; Tilford et al., 2007). However, most of these models only
couple electromagnetics (EM) heating and heat transfer to simulate the microwave
heating process for a short heating time or with cycled microwave power. In these
models, the food products are assumed to be a single phase solid food product where
evaporation and moisture movement in the food were ignored. These assumptions surely
limit the ability of these models to fully describe a real microwave heating process.
A three-dimensional (3-D) model considering food as a multiphase porous media
has been developed to simulate microwave heating of fresh mashed potato that combines
convective and radiant heating (Rakesh et al., 2012). Recently, Chen et al. (2014)
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developed a 3-D multiphase model considering heat and mass transfer and phase change
of evaporation for microwave heating of fresh mashed potato in a domestic microwave
oven . However, most of the microwaveable foods in North America are frozen.
Modeling of heat and mass transport during microwave heating of frozen food products
has not been reported. Modeling frozen food is complex due to phase change which
include dramatic changes in properties, a feature that requires smaller time steps during
the simulation. Thus, these models are considerably more computationally intensive and
time consuming.
Most microwave ovens manufactured today have turntables that rotate the food
during heating to improve the microwave heating uniformity. There is a significant
variation in EM field distribution within the cavity at different locations. Thus, the
rotation of the turntable needs to be included in the modelling process. However, only
few studies included rotation of the turntable when modeling microwave heating
(Geedipalli et al., 2007; Liu et al., 2013; Pitchai et al., 2014). Because of difficulty in
implementation of the rotation, and the resulting long computation times needed for
capturing continuous rotation, discrete rotating steps are often used. Because a fully
coupled multiphysics model (solving all dependent variables together) is computationally
intensive, two segregated steps are often used for solving the microwave heating model at
each rotational step. The first segregated step calculates the EM field, and the second
segregated step solves for the temperature field. Because of the temperature-dependent
dielectric properties, the second segregated step typically involves updating of the
dielectric properties, which, in turn, influences the EM field calculated in the first
segregated step. We will refer to this approach of updating dielectric properties at each
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rotation step as the typical approach. Liu et al. (2013) used this typical approach for
evaluating the microwave heating of rotating fresh mashed potato and found that the
dielectric properties need not to be updated frequently if the penetration depth does not
change considerably with temperature change. However, the dielectric properties and
penetration depth change considerably with temperature for a frozen food product
especially during phase change. Therefore, it is necessary to determine the frequency of
updating the dielectric properties during microwave heating.
The objectives of this study are:
(1) to extend our earlier 3-D model for microwaving during rotation of multiphase
porous foods from fresh mashed potato to frozen products with the multiphysics model
incorporating electromagnetics, heat and mass transfer, Darcy’s velocity, and phase
change of melting and evaporation of water; and
(2) to evaluate the effect of frequency of updating dielectric properties on model
prediction accuracy and computation time.
4.3 Mathematical model development and experimental validation
4.3.1 Multiphysics of microwave heating of frozen food products
Governing equations and boundary conditions were reported in our earlier study
(Chen et al., 2014) of the development of microwave heating of fresh mashed potato.
This study extends the model to frozen mashed potato by incorporating the apparent
specific heat capacity to incorporate latent heat of melting. All the same model
assumptions and property values used by Chen et al. (2014) were used in this study.
Microwave heating of a frozen food product is a comprehensive process that involves
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EM heating, phase change during melting and evaporation, pressure driven flow, and heat
and mass transport in a multiphase porous product. An overview of schematic of
multiphysics coupling with governing equations and boundary conditions is shown in
Figure 4.1.
Electromagnetics: When the food product is exposed to microwaves in an oven, the
interaction between the food product and the EM waves is described by Maxwell’s
equations (Eqns. 1-4), and it results in heat generation governed by Eqn. 5. The
boundary conditions are defined by perfect electric conductors at the cavity walls (Eqn.
6). Input to this EM physics is temperature from the energy conservation, while the
output is the heating source. This was implemented in COMSOL using the Radio
Frequency Module.
Phase change of melting: Initially, the frozen mashed potato is considered as a single
phased solid. The specific heat capacity and thermal conductivity of frozen mashed
potato was reported in an earlier work (Chen et al., 2013) and used in the model. Upon
thawing, the mashed potato was considered as porous media, including a solid phase of
potato granules, a liquid phase of water, and a gaseous phase of vapor and air. The
porosity is defined as the fraction of volume of pores (filled with water and gas) to the
total volume (Eqn. 7). The saturation of water and gas is defined as the volume of water
and gas to the volume of pores (Eqns. 8-9), respectively. The effective density, specific
heat capacity, and thermal conductivity can be calculated based on volume or mass
fractions of the compositions (Eqns. 20-22) using the methods described in (Choi and
Okos, 1986).
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Phase change of evaporation: In the thawed mashed potato, water may either evaporate
or condense until the equilibrium between liquid and vapor is achieved at that
temperature and moisture content (Eqns. 10-12).
Darcy’s velocity: The increase of vapor concentration (Cv) due to evaporation generates
higher vapor pressure in the food product. The pressure driven flow of liquid water and
gas (combination of vapor and air) in the solid is described by Darcy’s Law (Eqn. 13).
The total gas pressure is the sum of air pressure and vapor pressure (Eqn. 14), which can
be calculated based on the concentrations of air and vapor using the ideal gas law. On
food boundaries (only the top surface which is exposed to air, but not on the sides), the
total pressure of air and vapor was defined to be the ambient pressure (Eqn. 15).
Mass conservation equation: The change in concentration of species (liquid water,
water vapor, and air) with time is determined by the diffusion due to concentration
gradient (Fick’s Law), convection due to pressure driven flow (Darcy’s Law), and
reaction due to non-equilibrium condition between liquid water and water vapor (Phase
change of evaporation), as described by the mass conservation equation (Eqn. 16). Water
vapor generated within the food domain can move out of the food product by convection
and diffusion, which is given as a boundary condition on the top surface of the food (Eqn.
17). Liquid water can move out of the boundary as vapor after evaporation (Eqn. 18).
Energy conservation equation: The energy conservation equation includes energy
convection due to mass transport, conduction due to temperature gradient (Fourier’s
Law), phase change of melting and evaporation, and from the microwave heating source
(Eqn. 19). Along with the mass flux of the vapor, the food boundaries also lose heat
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because of the vapor lost, as well as cooling by convection at room temperature due to
the air domain (Eqn. 23).
4.3.2 Model assumptions
Besides the assumptions stated in our previous work (Chen et al., 2014), the
additional following assumption was included in this study. Considering there is a
temperature range during phase change of melting around 0 °C, the mashed potato was
assumed to be frozen below 10 °C and completely thawed above 10 °C. In the frozen
state, the mashed potato is solid, and therefore components of water (ice) and gas cannot
move freely. In the thawed state, the mashed potato is assumed to be a multiphase porous
media including a solid (potato), a liquid (water), and gases (vapor and air), where the
components of liquid and gas can transport due to the concentration and pressure
gradients.
4.3.3 Model parameters
The initial conditions of temperature and water, vapor and air concentrations, and
other input parameters (porosity, density, specific heat capacity, thermal conductivity,
intrinsic permeability, relative permeability, diffusion coefficient, viscosity, latent heat of
evaporation, evaporation rate constant, mass transfer coefficient, heat transfer coefficient
and dielectric properties have been discussed in a previous work in detail (Chen et al.,
2014). The latent heat of melting of water is 334 kJ∙kg-1.
4.3.4 Geometric model and meshing scheme
A geometric model was developed for a domestic microwave oven (Model no: NN –
SD9675; Panasonic Corporation, Shanghai, China) rated at 1250 W and a tray of 550 g
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frozen mashed potato. In the geometric model, important details of oven cavity,
magnetron, waveguide, turntable, crevices and a metal bump were included as shown in
Figure 4.2(a).
The entire domain was discretized into tetrahedral and prism shaped elements.
Boundary layers were created at the food boundaries (Figure 4.2b) to improve the
convergence. The mesh sizes were determined according to the normalized power
absorption method described in Geedipalli et al., (2007) and Chen et al., (2014). It was
found that the numbers of elements in the entire domains and food domain of,
respectively, 546960 and 190985 were sufficient to get mesh-size independent results.
The simulations were performed on a Microway E2600 workstation with an available
memory of 96 GB RAM running two twelve-core Intel Xeon E5-2667 processors at
2.9GHz frequency (Microway Inc., Plymouth, MA).
4.3.5 Simulation strategy
Rotation of the food product was incorporated in the model. Instead of continuous
rotation of the turntable, discrete step rotation was used in the simulation. Liu et al.
(2013) used a more complex geometry setup in which the sample, container and a
middle-hollow cylindrical surrounding air were united together and rotated with turntable
to minimize the interpolation errors. In this study, we rotated the oven cavity instead of
the food product. The advantage of rotating the oven cavity is that the food product
location does not change during rotation, which simplifies the interpolations in food
product domain between the different rotational steps. A discrete rotation angle of 30°for
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each rotational step (12 steps for one full rotation) was found to be accurate enough to
simulate the microwave heating process including rotation (Liu et al., 2013).
Two segregated steps were used for solving the microwave heating model. The first
segregated step calculated the EM field by solving Eqns. 1-4 and 6, and heat source by
solving Eqn. 5 using an iterative generalized minimal residual method solver (GMRES).
The second segregated step calculated heat and mass transport by solving Eqns. 7-23, and
updated the dielectric properties which in turn influenced the EM field calculations in the
first segregated step. For this second segregated step, a fully coupled nonlinear Newton
solver was used to simultaneously solve heat and mass transfer equations and determine
temperature, water, vapor and air concentrations using the heat source calculated in the
first segregated step. The Jacobian Matrix (the change of basis transformation that
provides the mapping between derivatives of the physical and reference element) was
updated at each iteration to improve the convergence.
To couple the two segregated steps, two frequencies of updating dielectric properties
were evaluated in this study: updating at each rotational step (Typical approach) and
updating at each rotational cycle (Simplified approach), as shown in Figure 4.3. The
simulation of rotation was performed in COMSOL Multiphysics® 4.3a (COMSOL Inc.,
Boston, MA) live linked with MALAB (MathWorks®, Inc., Natick, MA).
(1) Updating at each rotational step (Typical approach):
Both segregated steps were performed for each rotational time step sequentially as
depicted in Figure 4.3(a). During one rotational step (30°rotational angle, 0.83 s of actual
microwave cooking time), the dielectric properties were assumed to be constant. After

114

performing calculations of two segregated steps (EM field and microwave power density
in first segregated step and heat and mass transfer in second segregated step for 0.83 s of
microwave cooking), the oven cavity was rotated by 30°. The dielectric properties were
updated based on the current temperature from the previous location (rotational step) and
then EM field, heat and mass transport equations were solved for the next location. A
turntable rotating at a speed of 6 rpm makes 36 rotational cycles in 6 min of microwave
heating. For each rotational cycle, the turntable was assumed to be at 12 discrete
locations with 30o step angle. Therefore, the EM field and the heat-mass transfer were
analyzed for 432 time steps to simulate the entire heating process.
(2) Updating at each rotational cycle (Simplified approach):
Liu et al. (2013) reported that the dielectric properties (heat source) need not to be
updated frequently, when the dielectric properties do not change considerably. Therefore,
instead of updating dielectric properties of the food product at each rotational step, the
dielectric properties were assumed to be constant during one rotational cycle (10 s) in this
simplified approach. As shown in Fig.3 (b), for each rotation cycle, the electric field
distributions at 12 discrete locations were calculated using segregated step 1 based on the
dielectric properties using the temperature from the previous rotational cycle. The heat
sources of the 12 discrete locations were averaged and the average heat source was then
used for a 10 s duration heat and mass transfer analysis. The dielectric properties were
updated after one rotational cycle based on the new temperature and used for next
rotational cycle. Because this method averaged the calculated heat source in 12
orientations, the variability of EM field within the cavity is still considered in this
simplified approach. Only, the dielectric properties were less frequently updated (10 s
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instead of 0.83 s). For a 6 min microwave heating process, the EM fields were solved
432 times for both the simplified and typical approaches; however heat and mass transfer
analysis was computed for 432 times for 0.83s each in the typical approach, while heat
and mass transfer were only analyzed 36 times, each for a 10 s interval.
4.3.6 Experimental validation
Mashed potato was prepared as described in our previous work (Chen et al., 2013)
by mixing dry potato flakes, whole milk, deionized water and margarine,. The prepared
mashed potato in a tray was covered with a shrink wrap film and kept in a -10 °C freezer
until used for the experiment.
The mashed potato tray set at the center of a rotating turntable was heated for 6
minutes. Six fiber optic sensors (8-channel signal conditioner, FISO Technologies Inc.,
Quebec, Canada) recorded transient temperatures of six points inside the sample, as
shown in Figure 4.4. An infrared camera (SC640, accuracy ±2°C, 640× 480 pixels, FLIR
systems, Boston, MA) was used to acquire temperature profiles on the top surface of the
mashed potato after 2, 4, and 6 min of microwave heating. The total weights of the food
product before and after microwave heating was recorded to determine the total moisture
loss. The experiments were performed in triplicates.
4.3.7 Data analysis
The total power absorption for the two approaches in updating dielectric properties
was analyzed for the food domain. The spatial temperature on the top surface and the
transient point temperatures at the selected six locations in the simulations for the two
approaches were compared to the three replications of experimental results. The
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simulated transient point temperatures were compared with the experimental result using
the root mean square errors (RMSE) given by Eqn. 24:
1

RMSE = √n ∑ni=1 (Ts - Te )2

(24)

where Ts and Te are, respectively, the simulated and experimental transient point
temperatures, and n is the total number of time steps recorded during heating. Similarly,
the RMSE between the simulation and the experiment were calculated for the total
moisture loss at three time points. The simulation results using the two proposed
approaches for updating the dielectric properties were compared with each other and the
experimental results.
4.4 Results and discussions
4.4.1 Total power absorption
The total power absorption for the two proposed approaches, of updating dielectric
properties at each rotational step (typical) and at each rotational cycle (simplified), and
the 12-point moving average power absorption of the typical approach during the
microwave heating process is shown in Figure 4.5(a). The total power absorption for
updating at each rotational cycle showed an increasing trend at the beginning of
microwave heating. After 30 s of microwave heating, the total power absorption
stabilized at about 1040 W. This is because the slightly thawed top layer of the food
product dramatically changed the power absorption (Chen et al., 2015). The total power
absorption during the heating is related to temperature-dependent dielectric properties of
mashed potato from the frozen to the cooked state. At the beginning of the heating, the
complex dielectric properties of frozen mashed potato were as low as 5 – 2 i at -10 °C
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(Chen et al., 2013). After some heating time, the complex dielectric properties of the
thawed mashed potato increased considerably to be 47 – 21 i at 0 °C. Frozen food
generally absorbs less energy than thawed food (Zhang and Datta, 2003) because water
molecules in the frozen food product are in the crystalized state. However, due to high
penetration depth, the frozen mashed potato also absorbed a relatively large amount of
microwave energy (about 83% of the thawed product), which was also observed by
Zhang and Datta (2003). After thawing, the microwave power absorption increased
slightly (Venkatesh and Raghavan, 2004).
The approach of updating at each rotational step (typical approach) also showed a
similar trend that, the total power absorption increased first and then stabilized, but with
cyclic variations within each rotation cycle (10 s). The moving average of the typical
approach showed similar total power absorption to the simplified approach. The cyclic
variations can be attributed to the rotation of the non-symmetric mashed potato and the
nonuniform electric field distribution. In one rotation cycle (10 s), the mashed potato tray
was rotated for 12 orientations. At different orientations, the non-symmetric food product
absorbed different microwave power due to nonuniform standing wave pattern inside the
cavity, as shown in Figure 4.5(b). When food orientation changes with respect to
magnetron position, the food interacts with microwaves differently. Because the food is
located at the center of the turntable (Figure 4.5c), the total power absorption curve is
symmetric within a one rotation cycle. For example, the total power absorption at
location 1 is similar to that of location 7 because the food product was placed at the same
position but only with 180˚ rotation. The consistent cyclic pattern also indicates that the
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standing wave pattern of the EM waves within the cavity did not change considerably
during the heating time.
The two approaches of updating dielectric properties showed little difference on total
power absorption during the whole heating period. For the first couple of rotations, the
total power absorption predicted using the simplified approach (846 W for 1st rotation)
was slightly lower than the average total power absorption of 12 orientations using the
typical approach (895 W for 1st rotation). This is due to the lower power absorption of the
frozen (-10 °C) food product. The simplified approach used the same frozen dielectric
properties during the first rotation; while the typical approach used temperaturedependent dielectric properties at each step which are continuously increasing during
heating. However, after a portion of the food product was thawed, the two approaches of
updating dielectric properties showed similar total power absorption values for each
rotation. This is because the dielectric properties do not change considerably during one
rotation, as the thawed portion of the food product absorbs the majority of the microwave
energy. The total power absorption of the simplified approach is slightly higher than that
of the moving average of the typical approach for most of the time of heating. Similarly,
the average temperature in the food domain for the simplified approach was found to be
0.9 ˚C higher than that of the typical approach after 6 min of heating.
4.4.2 Spatial temperature profiles
Figure 4.6 shows the comparison between experimental spatial temperature profiles
collected after 2, 4, and 6 min of microwave heating and simulated profiles with the two
approaches of updating dielectric properties. After 2 min of microwave heating, the top
layer of the mashed potato showed hot spots on the edges and a hot ring around the center
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area. With increasing heating time, the hot spots expanded from the edges to the center.
Both simulated results using the two approaches showed similar hot and cold spot
locations on the top layer when compared to the observed thermal images. Slight
discrepancy between simulated and experimental results can be attributed to the
assumptions in the model development, such as single frequency (2.45 GHz) (Pitchai et
al., 2012), using discrete rotational steps (12 steps per rotation), and model parameters
from literatures (diffusion coefficient, permeability, evaporation rate constant, and
moisture-isotherm). Both experiments and simulations showed that the mashed potato
was not heated uniformly. Similar edge heating were also reported in the microwave
heating of a rotating potato (Geedipalli et al., 2007; Liu et al., 2013).
In summary, the temperature-dependent dielectric properties did not change
considerably within one rotation and therefore the two approaches of updating dielectric
properties showed similar temperature predictions on the top surface at different time
steps.
4.4.3 Point temperature profiles
Figure 4.7 summarizes transient point temperatures at six locations during microwave
heating of mashed potato. These were used to further validate the accuracy of the model.
Three replications of experiment showed divergence in the transient temperature profiles,
which was also reported by Pitchai et al. (2012) and Liu et al. (2013). The RMSE values
of three experimental replications for six locations ranged from 3.9 to 13.9 °C (with an
average of 8.0 °C) as shown in Table 4.1. The discrepancy between experimental
replications can be attributed to the difficulty in maintaining the fiber optic probes at the
same consistent locations in the mashed potato in the experimental validation. Because of
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the nonuniform EM field and power density distribution, a small shift in probe location
causes a significant temperature differences (Pitchai et al., 2012).
Generally, both approaches of updating dielectric properties matched well with the
experiment for most of the points. Location 6 was the worst prediction point, which was
primarily attributed to the poor prediction of thawing process at that location. In this
study, many simplifications in the model development such as using a single frequency
(2.45 GHz) (Pitchai et al., 2012) and using discrete rotational steps (12 steps per rotation)
may influence the EM field distribution prediction, and therefore the heat source power
density distribution. The discrepancy between the experimental and simulated results
may be partly attributed to the inaccurate EM heat source prediction in the simulation.
For the point temperature prediction, a minor heat source difference may considerably
influence the simulation result.
Both updating approaches showed similar temperature predictions as seen in the
experiments. The transient point temperatures from the two updating approaches matched
well with the experimental values. As shown in Table 4.1, the RMSE values of the
typical and simplified approach ranged from, respectively, 5.8 to 25.2 °C (with an
average of 14.1 °C) and 5.6 to 24.1 °C (with average of 13.2 °C), showing similar
transient point temperature predictions. Even though these errors are large, the average
RMSE values between the experimental replications and experimental average was large
(8.0 °C). This large experimental error is due to inconsistency in magnetron performance
and sensor positioning during microwave heating. Considering this large experimental
error and complexity of microwave heating of frozen foods, the errors in simulation
predictions using both approaches can be considered acceptable.
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4.4.4 Total moisture loss
It is important to consider mass transfer in a multiphysics model to describe
microwave heating of a product for a longer duration. It is not only important to
understand the moisture movement, mass transfer physics has an impact on the
temperature predictions. The microwave heating models that only consider heat transfer
often over-predict temperature when compared to experiments, especially for longer
heating duration (Pitchai et al., 2012; Pitchai et al., 2014). An apparent specific heat
capacity measured by a differential scanning calorimetry is often used in the microwaveheat transfer model development. Although latent heat of vaporization is included in the
apparent specific heat in the heat transfer models, the mass transfer physics of escaping
vapor along with its thermal energy are not included in these models. Thus, ignoring the
mass transfer in the model considerably influences the temperature prediction. In this
study, we considered mass transfer physics in the model.
Water evaporation and mass transport are significant in a longer microwave heating
process. The comparison of total moisture loss between experimental and simulated
results is shown in Figure 4.8. Both updating approaches showed good agreement with
the experiments results, with the RMSE values, respectively, of 2.2 and 2.4 g. The total
moisture loss for the two simulation approaches closely matched with each other. In the
first 2 min of microwave heating, the total moisture loss was very low. This is because
only portion of the frozen mashed potato was thawed at low temperatures. After 2 min,
the total moisture loss rapidly increased with increasing time and temperatures. After 6
min of microwave heating of frozen mashed potato, 5.7% moisture of the total mass
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evaporated and convected out of the mashed potato, indicating the necessity of including
mass transfer in the microwave heating model.
4.4.5 Computation time
Although both updating approaches of dielectric properties showed similar simulation
results, they require considerably different computation times. The comparison of
computation time of the two updating approaches is shown in Table 4.2. In the typical
approach of updating dielectric properties at each rotational step, the EM field density
and heat and mass transfer were all calculated for 432 time steps, which equals to 6 min
of actual heating time; while using simplified approach of updating dielectric properties
at each rotational cycle, the EM field density was also calculated for 432 time steps, but
the heat and mass transfer was only analyzed for 36 time intervals during heating. Two
approaches need the same time for the EM field analysis. However, different computation
times were needed for the heat and mass transfer analysis, although the total heating time
was the same for two approaches (6 min). In this study, the implicit method was used
(“free time step”) in the time-dependent solver for the coupled heat and mass transfer
analysis, where the solver can choose time steps according to the total heating time
settings at that step (10 s for one rotational cycle in the simplified approach versus 0.83 s
for each rotational step in the typical approach) and convergence performance. The solver
typically starts with a smaller time step. Based on convergence, the solver then starts
using larger and larger time steps (the maximum time step can be as high as 10% of the
total heating time) during the remaining part of the heating. In case of short heating steps
of 0.83 s, the solver restarts more frequently (432 times) and takes a longer time when
compared to solving a relatively longer heating time (10 s) with less frequency (36
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times). Generally, both approaches used about 40 h on EM analysis, and the computation
time for heat and mass transfer analysis of the typical approach was 12 times of that of
the simplified approach. Therefore, the simplified approach of updating at each
rotational cycle used less computation time (96 h) than the typical approach of updating
at each rotational step (550 h). Similarly, Liu et al. (2013) also found that the
computation time could be shortened by reducing the frequency of updating dielectric
properties (heat source) in microwave heating.
Besides, the simplified approach assumed that the temperature-dependent dielectric
properties were constant in one rotation cycle and the EM field density of 12 orientations
were independent of each other. Thus, the EM field density at 12 orientations can be
analyzed simultaneously using parallel computing techniques. The simultaneous
calculation of EM field density at different orientations in the simplified approach will
save more computation time.
4.5 Conclusions
Our earlier comprehensive 3-D model including EM heating, heat and mass transport,
Darcy’s velocity, and phase change of evaporation of water that was developed to
simulate the microwave heating of a 550 g tray of fresh mashed potato was extended to
heating of a frozen mashed potato in a domestic oven on a rotating turntable. Two
frequencies of updating dielectric properties (typical approach of updating at each
rotational step and simplified approach of updating at each rotational cycle) were
evaluated in the comprehensive model to compare the model prediction accuracy and
computation time. The total power absorption of frozen mashed potato increased in the
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first 30 s of microwave heating and then stabilized at around 1040 W, because of the
temperature-dependent dielectric properties. The experimental spatial variations of
temperatures on the top layer of the mashed potato at 2, 4, and 6 min of heating, the
transient temperatures at six locations, and the total moisture loss showed good
agreement with the predicted results. While the simulations using both approaches
showed good agreement with the experiments, the simplified (less-frequent updating only
at each rotational cycle) approach reduced the computation time by 83%. A simultaneous
EM field analysis of discrete orientations combined with updating at each rotational cycle
is an approach that can be effectively used to save computation time. This saving in the
computation time is significant and may allow the coupled comprehensive multiphysics
model to be used to understand the microwave heating of frozen food products and assist
microwaveable food product development.
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Nomenclature
E

electric field intensity, V∙m-1

H

magnetic field intensity, A∙m-1

f

frequency, Hz

Pv

electromagnetic power dissipation density, W∙m-3
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∆v

volume of an element

S

saturation rate

C

concentration, mol∙m-3

D

diffusion coefficient, m2∙s-1

u

Darcy’s velocity, m∙s-1

r

water evaporation rate in mole, mol∙m-3·s-1

I

water evaporation rate in quality, kg∙m-3·s-1

Mw

water (vapor) molecular weight, 18 g∙mol-1

Cp

specific heat capacity, kJ∙kg-1∙°C-1

k

thermal conductivity, W∙m-1∙°C-1

T

temperature, °C

ui

fluid velocity, m·s-1

keff

effective thermal conductivity, W∙m-1∙°C-1

pv,eq

equilibrium vapor pressure, Pa

psat(T)

saturated vapor pressure of pure water, Pa

m

mass fraction

M

moisture content (dry basis)

K

evaporation rate constant, s-1

R

ideal gas constant, 8.314 J∙K-1·mol-1

kin

intrinsic permeability, m2

kr

relative permeability

nv,sur

boundary vapor flux, mol∙m-2∙s-1

h

surface convective heat transfer coefficient, W∙ m-2∙°C-1
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qn

outward normal heat flux, W∙m-2∙s-1

Ta

ambient temperature, °C

RMSE

root mean square error, °C

Ts

simulated point temperature, °C

Te

experimental point temperature, °C

Greek symbols
ω

angular frequency, rad∙s-1

μ

electromagnetic permeability

ε

complex relative permittivity

ε'

dielectric constant

ε"

dielectric loss factor

ε0

free space permittivity, 8.854×10-12 F∙m-1

Ф

porosity

ρ

density, kg∙m-3

𝜆

latent heat of vaporization, 2.26×106 J∙kg-1

υ

viscosity, Pa∙s
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Figure 4.1. Schematic of multiphysics coupling for microwave heating of porous media product.
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(a) Geometric model

(b) Mesh used for the food product (a quarter)
showing boundary layers

Figure 4.2. Geometric model of microwave oven and the food product (a) and the mesh
used for a quarter of food product showing the boundary layers (b).
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Figure 4.3. Flow chart depicting microwave heating simulation and strategy for updating dielectric properties during rotation
(a. typical approach of updating at each rotational step, b. simplified approach of updating at each rotational cycle).
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Figure 4.4. Locations of fiber-optic sensor for transient temperature measurement in the
center plane (15 mm from the top surface) of the food (top view).
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(a) Total power absorption of two approaches
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Figure 4.5. Total microwave power absorption during microwave heating of mashed
potato for two approaches of updating dielectric properties and food location on a
turntable.
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Figure 4.6. Spatial temperature profiles on the top surface of mashed potato after 2, 4, and 6 min of microwave heating for
simulations and experiments.
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Figure 4.7. Transient point temperature profile comparison between simulations (2
updating approaches) and experimental values at six locations during 6 minutes of
microwave heating of mashed potato (∙∙∙∙∙∙∙∙∙∙∙∙∙∙ Experiment, − − − − − updating at each
rotational step (Typical) , ——— updating at each rotational cycle (Simplified)).
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Figure 4.8. Total moisture loss profile comparison between the simulated and
experimental results during microwave heating of mashed potato.
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Table 4.1. The RMSE of two simulated updating approaches and experiment results at 6
locations
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Table 4.2. Comparison of physics analysis and computation time between two updating
approaches
Approaches
Updating at each rotational
step (Typical)
Updating at each rotational
cycle (Simplified)

Number of EM
field analysis

Number of heat and mass
transfer analysis

Total
computation
time, h

432

432

550

432

36

96
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5.1 Abstract
Microwave heating models incorporating physics of electromagnetics and heat
transfer are computationally intensive, which limits their use in the industry. The
electromagnetic power density changes within the food during microwave heating were
characterized. The effect of decoupling electromagnetics from heat transfer analysis on
accuracy and computation time was evaluated for microwave heating of mashed potato at
various initial states (frozen and fresh). Coupled models used updated heat source term
based on temperature-dependent dielectric properties for every rotation; while decoupled
models used a constant heat source term based on dielectric properties at room
temperature. The simulation and validation results showed that the simplification of
using the decoupled approach did not affect the predicted temperatures considerably,
while reducing the computation time by 93%. When compared to the experiment, the
averaged RMSE values of six transient point temperatures of room-temperature and
frozen decoupled-models were 5.2 and 6.6 ˚C, respectively, which were close to those of
the coupled models. The decoupled model can be used for screening food-package
designs in a short computation time. While this study demonstrated the feasibility of
using the decoupled approach for a homogeneous food at various initial temperatures,
further study needs to be conducted to evaluate this for heterogeneous foods.
Keywords: dielectric properties, frozen microwaveable foods, heat transfer modeling,
rotation model, penetration depth.
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5.2 Introduction
Nonuniform heating is the biggest issue in microwaveable food products in terms of
food quality and safety. The heating rate of the food product at one location is determined
by the electromagnetic (EM) power density and the heat conduction between hot and cold
spots due to the temperature gradient. Heating uniformity is an important parameter to
evaluate the food product design in terms of food quality, which is greatly influenced by
the uniformity of EM power distribution. It is not easy to evaluate the microwave power
distribution experimentally. A “trial-and-error” method is often used in microwaveable
food development to evaluate the heating performance of a microwaveable food product.
The method is useful, but is time consuming and expensive. Recently, microwave heating
models are becoming promising tools to predict the microwave heating performance of a
food product in a wide range of ovens, which can be used to assist microwave food
product development (Geedipalli et al., 2007; Liu et al., 2013; Pitchai et al., 2012, 2014;
Rakesh et al., 2009).
To predict the heating temperature profiles as accurate as possible, many microwave
heating models incorporating electromagnetics and heat transfer have been developed to
predict microwave heating performance of different food products (Campañone and
Zaritzky, 2005; Geedipalli et al., 2007; Pitchai et al., 2012, 2014; Tilford et al., 2007).
Several comprehensive microwave heating models, including physics of phase change of
evaporation, heat and mass transport, have been developed to predict the heating
performance more accurately (Rakesh and Datta, 2012; Rakesh et al., 2012). However,
there are many parameters and material properties needed in these computationally-
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intensive models. Further, the model prediction accuracy is highly depending on the
accuracy of the input parameters and material properties values.
Due to high variability in domestic microwave ovens and experimental errors in
measuring input parameters for the models, it is difficult to predict the exact temperatures
for food safety considerations using current microwave heating models. However, these
models are highly useful in the food product development for providing design directions
and ranking the heating performance of various alternative food-package designs.
Instead of validating numerous designs, food product developers can use the models to
narrow down and identify the top designs. Thus, these models can accelerate the food
product development cycle. However, the utility of these models is limited in the food
industry, since the models require many input parameters, powerful computers, and long
computation time.
In a practical microwaveable food product development process, it is not necessary to
determine the exact spatial temperatures of a food product. A relative prediction of hot
and cold spot patterns is useful for food product developers to identify problems in food
design. Thus, a simplified microwave heating model based on current microwave heating
models that can quickly predict the heating patterns of a food product will enable the
model to be useful in food product development.
The heating pattern of a food product is mainly determined by the EM power
distribution. Thus, characterizing the EM power density during the heating process helps
to understand the interactions between microwaves and dielectric food products. In
addition, the EM power density analysis is the most time-consuming step in microwave
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heating modeling (Liu et al., 2014). Thus, reducing the computation time on EM power
density analysis enables the utility of the microwave heating models. Liu et al. (2013)
reported that, spatial EM power density did not change considerably during the heating
process if the penetration depth of the food product did not change considerably. In such
cases, the EM field analysis can be decoupled from the heat transfer analysis to minimize
the computation time considerably, without overly compromising the accuracy. For other
food products with rapid change of dielectric properties (great change of penetration
depth) during heating, such as frozen food, the EM power density changes during heating
need to be understood.
Therefore, the main objective of the study is to develop a simplified microwave
heating model that reduces the model complexity and computation time, while not overly
compromising the prediction accuracy of the microwave heating performance. The
specific objectives are:
(1) to characterize the EM power density changes within the food product during
heating of mashed potato at various initial temperatures (frozen, -10 °C; refrigerated, 4
°C; and room temperature, 20 °C) using the coupled model;
(2) to evaluate the effects of decoupling electromagnetics from heat transfer analysis
on nodal EM power density, nodal temperature, and computation time, when compared to
the coupled model results; and
(3) to validate the simplified (decoupled) model and the coupled model using
experimental measurements of temperature.
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5.3 Methodology
5.3.1 Model development
5.3.1.1 Model geometry
The model was developed in a finite element based software COMSOL Multiphysics
4.3a (COMSOL Inc., Boston, MA). A geometric model was developed for a domestic
microwave oven (Model no: NN–SD9675; Panasonic Corporation, Shanghai, China)
rated at 1250 W and a tray of 550 g mashed potato. Details of oven cavity, magnetron,
waveguide, turntable, crevices and metal bumps are important features in microwave
oven design and were included in the model, as shown in Figure 5.1. The distance
between the bottom of the waveguide and the bottom of oven cavity was 83 mm.
5.3.1.2 Governing equations and boundary conditions
The governing equations of Maxwell’s equations, heat transfer equation,
convective heat transfer boundary condition, and perfect electric conductor boundary
condition were described in Pitchai et al. (2014).
5.3.1.3 Model parameters
For domestic microwave ovens, the instantaneous frequency emitted by a magnetron
in a microwave oven has a spectrum that depends on the cathode–anode voltage and the
high frequency output impedance of the magnetron, which is set by the load (Ghammaz
et al., 2003). The operating frequency will influence the heating patterns of the
microwave oven (Pitchai et al., 2012). In this model, it was assumed that magnetron is
operating at a single frequency of 2.45 GHz.
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The material properties for computational domains of air and turntable were obtained
from Pitchai et al. (2014). The temperature-dependent dielectric properties (dielectric
constant and loss factor) and thermal properties (thermal conductivity and specific heat
capacity) measured in a previous work (Chen et al., 2013) were applied in the model. The
temperature-dependent dielectric properties and penetration depth of mashed potato at
microwave frequency (2.45 GHz) were shown in Figure 5.2. The penetration depth
dropped greatly from the maximum value of 32.5 mm at -10 °C to a low value of 7.6 mm
at -5 °C and then slightly decreased to 3.8 mm at 100 °C.
5.3.1.4 Simulation strategy
The whole domain was discretized into tetrahedral and prism shape elements. The
mesh sizes were determined according to the normalized power absorption method (Chen
et al., 2014; Geedipalli et al., 2007). The total number of elements was 546,960, out of
which 190,985 elements were in the food domain, and they provided mesh-independent
prediction results.
The rotation of the food product was considered in the microwave heating model.
Without considering continuous rotation of the turntable, rotations of 30°for each step
were found accurate enough (Liu et al., 2013) and were used in this study to simulate the
rotational microwave heating process. During one rotational cycle of the turntable (10 s),
the temperature-dependent dielectric properties of the food product did not change
greatly, which thus did not significantly influence the electric field distribution (Liu et al.,
2013). Therefore the electric field distribution was calculated within the food product at
12 discrete locations on the turntable using constant dielectric properties for one rotation.
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The EM power density at all 12 locations within a rotation were then averaged to
determine the heat source for that complete rotational cycle.
Two approaches of applying heat source term (coupled and decoupled) were used to
simulate the microwave heating process, as shown in Figure 5.3.
(1) Coupled model (Figure 5.3a):
In the common coupled model approach, the electric field distribution was calculated
at every location based on temperature-dependent dielectric properties at the end of
previous rotational cycle. The updated EM power density was provided as heat source
for temperature prediction of that rotational cycle. Based on the predicted new
temperatures, dielectric properties were updated to calculate the EM power density for
the next rotational cycle. This cyclic coupled process was continued until the desired
heating time reached. This is the most accurate method for computing microwave heating
process; however it is computationally intensive.
(2) Decoupled model (Figure 5.3b):
To simplify the model and to reduce the computation time, the electric field analysis
and temperature prediction can be decoupled. To achieve this, the electric field was
analyzed for only one rotational cycle based on the dielectric properties at a desired
temperature, without updating for other rotations. The EM powder density was
calculated once and provided as a constant heat source for the entire duration of
microwave heating.
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In this study, the electric field distribution at 12 discrete locations was calculated
based on the dielectric properties at room temperature. Then the averaged EM power
density was provided as a constant heat source in this decoupled approach. This
decoupled approach based on room-temperature dielectric properties was evaluated pairwise with coupled approach for food product with different initial temperatures (frozen,
refrigerated, and room temperatures).
5.3.2 Characterization of EM power density within the food product
Because the first objective is to understand the changes in EM power density
during heating of mashed potato at various initial temperatures, the coupled models were
used to determine the EM power density within the food product.
The EM power absorption of mashed potato at 12 locations on the turntable in each
rotational cycle (10 s) was averaged and then the power absorption was integrated for the
whole food domain to determine the total power absorption for every rotational cycle.
The surface and slice plots of power density outputs from the coupled models were
compared for the heating of the mashed potato at various initial temperatures at different
time steps. Correlation coefficient between volume nodal power densities of coupled
models for mashed potato with different initial temperatures was calculated with respect
to the room temperature product for each rotational cycle. In addition, the penetration of
EM waves along the central vertical line of the product was evaluated during microwave
heating of mashed potato at different initial temperatures.
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5.3.3 Evaluation of decoupled model by comparing with coupled model
To evaluate the effects of the decoupled approach, the nodal EM power density,
nodal temperature, and computation time were compared between the decoupled and
coupled models. The correlation coefficients of the volume nodal EM power density
between the decoupled model and coupled models were calculated for each rotational
cycle. Similarly, the correlation coefficients and RMSE values were calculated for nodal
temperatures between the coupled and decoupled models. These comparisons were
repeated for microwave heating of frozen mashed potato. Note that the decoupled model
in this study used constant heat source based on dielectric properties at room
temperatures regardless of heating frozen or refrigerated product.
5.3.4 Experimental validation of decoupled and coupled models
To validate the decoupled and coupled models, the transient temperature profiles
and the spatial temperature profiles on the top surface were compared with the
experimental results. The mashed potato with various initial temperatures was heated in
a domestic microwave oven on a rotating turntable for 4 min to validate the models. Six
fiber-optic sensors (FISO Technologies Inc., Quebec, Canada) were used to monitor the
transient point temperatures during heating. The fiber-optic sensors were inserted into the
middle layer (15 mm from the top surface) of the food product at six locations shown in
Figure 5.4. After heating, the spatial temperature profiles of top layer of the mashed
potato were recorded by an infrared camera (SC640, accuracy ±2 °C, 640× 480 pixels,
FLIR systems, Boston, MA).
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5.4 Results and discussions
The models were evaluated for heating of mashed potato with three initial
temperatures (frozen, -10 °C; refrigerated, 4 °C; and room-temperature, 20 °C). For
convenience and ease of reading, we will refer those models as frozen, refrigerated, and
room-temperature models. The last-two models may be grouped as “fresh” models. We
will also refer “frozen coupled-model” as the coupled model used for simulation of
mashed potato with the initial frozen temperature, and so on.
5.4.1 Characterizing EM power density as a function of initial food temperatures
For this section on characterizing EM power changes during heating of mashed potato
with different initial temperatures, only coupled models were used. This understanding
will allow us to decouple and simplify the model in the next section.
5.4.1.1 Temporal characterization of total EM power absorption
The simulated time-dependent EM power absorption of the mashed potato with
various initial temperatures is shown in Figure 5.5. The room-temperature mashed potato
absorbed almost the same microwave power as the refrigerated mashed potato during
microwave heating. The power absorption of mashed potato at room and refrigerated
temperatures slightly increased from 1029 W at the beginning of heating to 1052 W at the
end of heating. The similar total power absorption of room-temperature and refrigerated
mashed potato can be attributed to the similar dielectric properties (Figure 5.2) during the
heating. The frozen mashed potato initially absorbed slightly lower power (846 W)
during the first rotational cycle, and then increased quickly to the power absorption level
of fresh mashed potato (1030 W) at the 4th rotational cycle. The slightly lower total
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power absorption at the beginning of microwave heating is because of the low dielectric
loss factor of frozen food product. Oliveira and Franca (2002) reported that the power
absorption of water was about 1000 times higher than that of the frozen ice based on
simulated microwave heating of a small cylindrical sample with a radius of 0.8 cm.
Zhang and Datta (2003) demonstrated that water absorbed considerably higher power
than frozen products at lower volumes; while frozen product absorbed more power at
larger volumes than that of water. The reason is that, frozen products have high
penetration depth and EM energy can reach larger volume of product resulting in more
power absorption. These values depend on surface area, thickness, and configuration of
the product. In our case, the frozen mashed potato absorbed slightly lower power at the
beginning and then reached the same level as the fresh products in about a half minute.
The increasing total microwave power absorption during heating can be attributed to the
thawing of the food product (Venkatesh and Raghavan, 2004).
5.4.1.2 Spatial and temporal characterization of EM power density
To understand how the EM power absorption change during heating of frozen,
refrigerated, and room-temperature mashed potato, the EM power density outputs from
the coupled model are shown in Figure 5.6. The correlation coefficient was calculated
for the nodal power densities between the coupled models with different initial
temperatures and that of the room-temperature model for each rotational cycle. The
correlation coefficient for room-temperature model was 1, because of the self-correlation.
During the entire heating time, higher EM power density on the surface of roomtemperature mashed potato was consistently observed on the edges and a circle around
the center area of the food surface. The refrigerated mashed potato showed similar EM
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power density distribution to room-temperature food product, with correlation
coefficients larger than 0.99. The EM power density of frozen food product was
considerably different from those of fresh food products at the beginning of the
microwave heating with the correlation coefficient of 0.006. For the first rotation (t =
1/6 min), the EM power density on the surface of frozen food product was lower than
those of fresh food products, and showed different heating patterns with minor hot spots
around the center area. At the end of 2nd rotation (t = 1/3 min), the correlation coefficient
jumped to 0.886, showing similar heating patterns to that of room-temperature model.
The EM power density of frozen product at 2 min was similar to that of fresh products at
1 minute and so on. After 3 min, the surface of the frozen product was thawed and the
EM power density looked similar to that of fresh products.
Because results of the room-temperature models and refrigerated models are
similar, further results (Obj. 2 and 3) are only reported for room-temperature and frozen
models.
To visualize the EM power density distribution inside the mashed potato, the
vertical slice plot (side view) of EM power density of mashed potato for roomtemperature and frozen mashed potato using the coupled approach at different time steps
are shown in Figure 5.7. The room-temperature mashed potato showed higher EM power
density on the edge than the center, which is known as “edge heating” (Geedipalli et al.,
2007; Liu et al., 2013; Pitchai et al., 2012, 2014). With the increasing heating time, the
room-temperature model showed higher maximum EM power density on the edges and
lower minimum EM power density at the center, when compared to the previous steps,
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which is known as “thermal runaway” (Chen et al., 2013; Zhu et al., 2012). This
phenomenon is contributed to the decreasing penetration depth with the increasing
heating time and temperature (Figure 5.2). For frozen mashed potato, the penetration
depth was high and the curved surfaces on the tray focused the EM energy towards inside
of the tray at the beginning of heating (t = 1/6 min). The frozen EM power density at the
end of the first rotation was much more uniformly distributed within the product than that
of any other time. As the products started heating up, the thawed surface and edges
reduced the penetration depth drastically and the EM power distribution looked more like
that of the fresh products. The EM power density in the product for the second rotation
looked similar to those of room-temperature mashed potato, even though the frozen
product has not thawed. To understand this, the temperature profile at the end of the 1st
rotation is shown in Figure 5.8. The temperatures on the surface were around -5 ˚C. As
shown in Figure 5.2, the penetration depth drastically reduced to 7.6 mm at around -5 °C,
which was close to that of the thawed product, even though the product was still frozen.
Thus, the EM power density showed similar to that of room-temperature mashed potato.
To further understand the EM field penetration inside the food, the power density
was plotted along the vertical central axis of the food product in Figure 5.9(a) and Figure
5.9(b) for room-temperature and frozen products, respectively. The central portion of the
tray received the least energy, while the top and bottom received abundant energy. From
the figure, it can be seen that about the central two-third of the product received
considerably less energy than the top and bottom. Figure 5.9(b) showed that the frozen
product received the energy more uniformly at the beginning of heating (t = 1/6 min),
because of the large penetration depth. After 10 s of microwave heating, the patterns
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almost changed to the thawed product. As shown in Figure 5.8, the temperature of the
product reached around -5 ˚C at the surface and the penetration depth dropped and the
microwave power absorption drastically increased at the surface and very low power
reached the interior of the product. There is also a run-away heating, meaning that less
and less energy reached the center as the heating time increases for both roomtemperature and frozen mashed potato.
This interesting observation showed that the microwave power is primarily
absorbed at the surface and most of the heat transfers by conduction to the interiors. In
addition, Figure 5.5 showed that the frozen mashed potato absorbed about 18% less
energy than the thawed product. The EM power density did not significantly change
during microwave heating even for frozen and thawed product. Therefore, the decoupled
model may be accurate enough for the food industry for early screening of food-package
designs in a significantly shorter computation time.
5.4.2 Evaluation of decoupled model by comparing with coupled model
The above characterization of EM power density showed that it is possible to
decouple the model (determine EM power density only once) and use it for predicting
microwave heating of foods at various initial temperatures, without appreciably
compromising the accuracy. This decoupling approach can significantly reduce the
computation time.
This section will report the effects of decoupling on accuracy of EM power density
and temperature predictions, and computation time. For this section, the EM power
density and temperature predictions of decoupled models are compared against those of
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coupled models. That is, the coupled-model predictions are considered to be accurate
and therefore the reference values.
5.4.2.1 Effect of decoupling on nodal EM power densities
Predicted nodal EM power density of the decoupled-model was correlated to that of
the frozen coupled-model during microwave heating of mashed potato. The same
process was repeated for the room-temperature models (Figure 5.10).
The correlation coefficient at the first rotation for the room-temperature coupled
model was exactly 1, as it was a self-correlation. As the microwave heating time
increased, the correlation coefficient slightly decreased to 0.94 at the end of 4 min of
microwave heating. Because of the similar dielectric properties and penetration depth, the
refrigerated mashed potato showed similar correlation coefficient to the roomtemperature food, which was not reported here.
For frozen food product, the correlation coefficient changed considerably at the
beginning of heating, from 0.01 at the first rotational cycle to 0.99 at the 3rd rotational
cycle and then gradually decreased to 0.94 and then stabilized at that value. This
changing trend showed a significant change of EM power density distribution during
heating of frozen mashed potato. The EM power density was greatly different from that
of room-temperature model only at the beginning of heating for a brief period of 20 s,
and then showed highly linear correlation to that of the decoupled model calculated based
on the constant dielectric properties at room temperature.
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The high correlation coefficient showed that the decoupled approach may be a
promising simplification that can be used in a microwave heating model to predict the
temperature distribution of food products.
5.4.2.2 Effect of decoupling on nodal temperatures
Similar to the previous section, the correlation coefficients between the nodal
temperatures predicted by decoupled models and that by coupled models for
corresponding initial temperatures were calculated and plotted in Figure 5.11(a). Figure
5.11(a) showed a similar correlation trend, when compared to nodal power densities
shown in Figure 5.10. This is expected as EM power density is heat source for
temperature raise. In addition, there is heat diffusion, which is not considered by EM
power density. The correlation coefficient of room-temperature mashed potato continued
decreasing from 1 at the first rotational cycle to 0.91 towards the end of 4 min of heating,
showing the error propagation in predicting temperatures using decoupled approach. This
error is due to not updating the temperature-dependent dielectric properties in
determining power density; however the high correlation indicates that the error is not
significant. Similar results for refrigerated model were not reported here. For frozen food
product, the correlation coefficient changed significantly during the heating. As expected,
the correlation coefficient of frozen decoupled model was very low at the beginning of
heating (0.19 at the first rotational cycle), but quickly rise to a higher value of 0.90 at the
third rotational cycle and then to 0.99 towards the end of cooking. At the fourth
rotational cycle, the correlation coefficient decreased slightly. This might be due to
melting of mashed potato at some locations, where the latent heat requirement reduced
the linear correlation value. After that, the correlation coefficient increased gradually to
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almost 1 at around 1 min of heating, when the surface of the mashed potato was thawed
and acted like a room-temperature product. Even though only the surface layer might be
thawed and the central portion was still frozen, most of the energy was received at the
surface and very less energy reached the center of the product as shown in Figure 5.7 and
Figure 5.9(b). Because less energy was received at the center, the different dielectric
properties of the frozen material at the center did not influence the power density
considerably.
Interestingly, the correlation coefficient of frozen decoupled-model was higher
towards the end of heating. The final average temperatures of frozen and roomtemperature coupled models in the food domain were 79.1 and 102.3 ˚C, respectively.
Towards the end of 4 min of microwave heating, the frozen products had final
temperatures closer to the room temperature, when compared to room-temperature
product and therefore the frozen-decoupled model had higher correlation coefficient than
room-temperature model at the end of 4 min of heating. The correlation trend of frozen
models lags the correlation trend of room-temperature model by 1-2 min.
The correlation coefficient indicated that the hot-and-cold spot patterns matched well
between the coupled and decoupled models but it did not indicate the amount of
temperature differences. To evaluate the differences in temperature prediction between
the two modeling approaches, RMSE values were calculated between the nodal
temperatures of coupled and decoupled models and are shown in Figure 5.10(b). The
RMSE values of room-temperature mashed potato increased from 0 ˚C at the 1st
rotational cycle to about 5 ˚C at 2.5 min (15th rotational cycle), and then stabilized. The
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increased RMSE values are attributed to the propagation errors of using decoupled heat
source. The leveling off of RMSE values can be attributed to low heating rate after 2.5
min because of the latent heat of evaporation around 100 ˚C. The frozen mashed potato
had a slightly higher RMSE of 0.8 ˚C at the 1st rotational cycle when compared to that of
the room-temperature mashed potato, because of great difference of the nodal EM power
densities between the coupled and decoupled models at beginning stages (Figure 5.10).
Then the RMSE values of frozen mashed potato increased slightly but showed smaller
values than room-temperature product, but continued to increase. The frozen mashed
potato has a lag in the RMSE trend when compared to room-temperature product because
of the lower initial temperature and therefore the lower final temperature. If the mashed
potato would have been heated longer, we expect the errors to stabilize, when the
temperature of the product does not change appreciably around 100 ˚C, because of the
latent heat of evaporation. This analysis clearly showed that decoupling the model
introduces the error in temperature predictions only by about 5 ˚C, while the computation
time can be significantly reduced, which is discussed below.
5.4.2.3 Effect of decoupling on computation time
The comparison of computational time for decoupled and coupled models is
shown in Table 5.1. Calculation of EM field for each location on the turntable takes about
10 min of computation time using a workstation with 2.9 GHz XEON E5-2667 processor
and 15 GB RAM memory for this particular meshing scheme (total 546,960 elements).
For each rotational cycle, EM field was calculated at 12 locations. Thus, the EM field
calculation for each rotation takes about 2 h. For 4 min of heating, updating EM field at
every rotation took about 48 h. Thus, updating EM field is the most time-consuming step
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in microwave heating modeling using coupled approach, which was also reported by Liu
et al. (2014). For the heat transfer analysis, the decoupled approach also helps to save
computation time using “free time step” method, because the time step increases with
time when converges well; while the coupled model starts with a smaller initial time step
after updating the heat source for each rotational cycle. Therefore, from both the EM field
and heat transfer analysis, the decoupled model reduced computation time dramatically.
For 4 min of microwave heating, the computation time decreased by 93% from 60 h for
coupled model to 4 h for decoupled model. Liu et al. (2013) also reported that the
computational time could be shortened by reducing the frequency of updating the heat
generation (EM field analysis) for microwave heating of the food product, if the
penetration depth did not change considerably during microwave heating.
5.4.3 Experimental validation of decoupled and coupled models
5.4.3.1 Experimental validation of room-temperature models
The spatial temperature profile comparison between three replications of experiment
and the simulated results of decoupled and coupled models for microwave heating of
room-temperature mashed potato is shown in Figure 5.12. The three replications of
experiment consistently showed a cold spot at the center and hot spots on the edges and
around the center, showing the nonuniform heating, which was also observed by
Geedipalli et al. (2007), Liu et al. (2013), and Pitchai et al. (2014). Both simulated results
of spatial temperature profiles on the top surface from the coupled and decoupled models
showed similar hot and cold spot patterns. However, the simulations showed higher
spatial temperatures than the experimental values, which is mainly because of the
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ignorance of the water vapor leaving the food product, as mass transfer was not
considered in the model (Liu et al., 2013; Pitchai et al., 2012). After 4 min of microwave
heating, the mashed potato lost about 35.1 g (6.4% of the total weight). When the water
vapor leaves the product, it takes the internal heat energy with it and causes more liquid
water to vaporize. The higher temperature prediction of simulated result was also partly
attributed to the assumption of single microwave frequency, delay in capturing the
thermal images after heating (Liu et al. 2013; Pitchai et al. 2014), and the possible higher
input power provided at the port. In this study, the available input power was determined
by the IEC 60705 method which evaluated the average power produced by heating 1000
g water load for 1 min, while our experiment heated 550 g mashed potato for 4 min. Due
to a smaller load and longer duration of heating, the magnetron efficiency may drop in
the experiment (Ghammaz et al., 2003). This could result in over prediction. For the
simulated results of coupled and decoupled models, the predicted temperature profiles
showed same hot and cold spots on the top surface, but with slightly different
temperature range. The maximum and minimum temperatures on the surface of the
mashed potato of the coupled model were 4 and 8 ˚C higher than those of the decoupled
model, respectively. The decoupled model used the same EM power density for the
entire duration of heating, which is shown in the first row (t = 1/6 min) in Figure 5.6. As
can be clearly seen, the EM power density slightly increased as the microwave heating
time increased. Therefore, coupled model predicted higher temperature than the
decoupled model.
The comparison of the transient point (located on middle plane) temperature
between experiment and simulations during the 4 min of microwave heating of room-

160

temperature mashed potato is shown in Figure 5.13. Three replications of experiment
showed divergence in the transient temperature profiles, which was also reported by
Pitchai et al. (2014) and Liu et al. (2013). This was due to the experimental errors in
properly placing the probe at the same place between the replications and also in holding
the probe at the same location during microwave heating. The transient temperature
profiles of two simulation approaches generally fall within the replications of experiment,
showing good prediction. The RMSE between decoupled and coupled models and the
average values of experimental profiles, ranged from 1.3 to 10.6 ˚C and from 1.5 to 12.8
˚C, respectively. The average RMSE values of six locations for the coupled and
decoupled models were very similar with the values of 5.4 and 5.2 ˚C, respectively. The
transient point temperature profiles of the decoupled model were generally higher than
those of the coupled model for all the six locations. As shown in Figure 5.7, the EM
power density in the central area along the central vertical plane is higher at the
beginning of heating and then decreases towards the end of heating. As the decoupled
model used the EM power density at the beginning as constant heat source for the entire
duration of heating, the transient temperatures at central locations were higher than that
predicted by the coupled model. Both coupled and decoupled models showed very close
temperature prediction at location 4 (center), which was generally the coldest spot in the
food product. The coldest spot is the most critical point in microwave heating in terms of
food safety. Thus, the accurate prediction of the coldest spot in the decoupled model
showed the promise of the simplified model. Similar results were observed for the
refrigerated models, which were not reported here.

161

Liu et al. (2013) also found that the spatial EM power density did not change
considerably when heating the mashed potato with 1% (wet basis) sodium chloride that
has a relatively constant penetration depth during heating. Liu et al. (2013) also reported
that, for mashed potato (without any added salt to instant mashed potato and water) that
has a significant change of penetration depth (increased from about 10 to 20 mm) with
increasing temperature (from 20 to 100 °C), the distributions of heat generation changed
significantly with heating time. However, the EM power density difference at 1st and
100th s was mainly found on the bottom edge, not the other locations. In their study, the
penetration depth increased from 25% to 50% of height of the sample during heating,
while in our study the penetration depth decreased from 20% to 10% of height of the
sample. If the change in ratio of penetration depth to height (the smallest dimension of
the food sample) is relatively smaller during microwave heating, then the predictions of
decoupled model should match closer to those of coupled model.
5.4.3.2 Experimental validation of frozen models
The three replications of IR images on the top surface of the food product at the
end of heating was compared with the simulated results of decoupled and coupled models
for microwave heating of frozen mashed potato as shown in Figure 5.14. Similar to
room-temperature models, the frozen models also predicted the temperature slightly
higher than the experimental IR image because of the reasons discussed in Section 3.3.1.
After 4 min of microwave heating, the frozen mashed potato lost about 10.9 g (2.0% of
the total weight) moisture, which was not as significant as that of the room-temperature
mashed potato. But the moisture loss did influence the temperature prediction. Overall
hot-and cold spot patterns matched well. Although the EM power density distribution of
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frozen food product changed considerably at the beginning of heating as shown in Figs. 6
and 7, the final spatial heating patterns were similar to those of room-temperature model.
This is because the EM power density distribution during microwave heating of frozen
food product only changes greatly for the first 3 rotations (Figure 5.6). After that, the EM
power density did not change considerably and showed high correlation with the heat
source of decoupled model (Figure 5.10).
The comparison of the transient point temperature between experiment and
simulations during the 4 min of microwave heating of frozen mashed potato is shown in
Figure 5.15. Generally, both the coupled and decoupled models showed good agreement
with the experiment, with RMSE values ranged from 1.3 to 10.5 ˚C and from 1.5 to 12.2
˚C. The average RMSE values of six locations for the coupled and decoupled models
were very similar with the values of 6.0 and 6.6˚C, respectively.
Although the penetration depth changed considerably from frozen to cooked
temperature (Figure 5.2), the thawed food surface quickly limited the penetration of
microwave energy into the food product. Therefore the decoupled constant heat source
calculated based on the dielectric properties at room temperature can be used to predict
the heating performance of frozen mashed potato also.
In this study, the effects of decoupling electromagnetics from heat transfer
analysis on accuracy and computation time were evaluated for homogenous food, such as
mashed potato at various initial temperatures. Further study is required to evaluate the
feasibility of using the decoupled approach for heterogeneous foods, especially when the
penetration depth of various components varies differently during heating.

163

5.5 Conclusions
Microwave heating models incorporating electromagnetics and heat transfer were
developed to predict the heating performance of mashed potato with various initial
temperatures (room-temperature, refrigerated, and frozen) on a rotating turntable. Two
approaches of applying the heat source term were used in the model: the coupled model
updated the heat source term calculated from the temperature-dependent dielectric
properties at every rotation; the decoupled model used a constant heat source term
calculated from the dielectric properties at room temperature for the entire heating
duration regardless of the initial food temperatures. The major motivation for evaluating
these two approaches is to minimize computation time and make the models more useful
to the food industry. The conclusions of this study are:


The refrigerated and room-temperature mashed potato absorbed similar and relatively
constant microwave energy during the heating; while the frozen mashed potato
absorbed a slightly lower energy (about 18% less) at the beginning of heating, and
then increased quickly to the power absorption level of fresh mashed potato in about
20 s.



When compared to coupled models, the simplification of using decoupled approach
produced errors in temperature prediction by 5.2 ˚C at the end of 4 minutes of
heating, while reducing the computation time by 93%. The high correlation
coefficients between EM power density of the coupled models and the EM power
density of the decoupled model showed that decoupled approach is a promising
simplification.
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When compared to the experimental validation, the averaged RMSE values of six
transient point temperatures of room-temperature and frozen decoupled-models were
5.2 and 6.6 ˚C, respectively, which were close to those of coupled models.



The decoupled model can be used for preliminary screening of various food-package
system designs with short computation time, when the penetration depth of the food
product does not change considerably during heating. While this study demonstrated
the feasibility of using the decoupled approach for a homogeneous food at various
initial temperatures, caution must be exhibited when using this approach for
heterogeneous foods, especially when the penetration depth of various components
varies differently during heating.
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Coaxial feed port
Waveguide (86×90 mm)
Cavity (443×419×262 mm)
Mashed potato (120×124×35 mm)
Turntable (Ф-418×6 mm)

Figure 5.1. Geometric model of microwave oven and food product.
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Figure 5.2. Temperature-dependent dielectric properties and penetration depth of mashed
potato at 2.45 GHz.
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For i = 1: number of rotation cycles of turntable (24)
For j = 1: food locations in one rotation cycle (12)
calculate EM field at location j;
determine power density at location j;
rotate food product to next location j+1;
End
Average power density of 12 locations in one rotation cycle;
Calculate heat transfer in food product for one rotation
cycle using averaged power density as heat source;
Update dielectric properties based on predicted new temperatures;
End

(a) Coupled approach

For j = 1: food locations in one rotation cycle (12)
Calculate EM field at location j using room-temperature
dielectric properties;
Determine power density at location j;
Rotate food product to next location j+1;
End
Average power density of 12 locations in one rotation cycle;
Calculate heat transfer in food product for the whole heating time.

(b) Decoupled approach
Figure 5.3. Pseudo codes depicting simulation strategy for rotating food on the turntable.
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Figure 5.4. Locations of fiber-optic sensor for transient point temperature in the center
plane (15 mm from the top surface) of the food (top view).
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Figure 5.5. Time-dependent total EM power absorption for mashed potato with three
different initial temperatures.
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Figure 5.6. Time-dependent simulated EM power density and corresponding correlation
coefficient of volume nodal microwave power densities between coupled models with
various initial temperatures and that of coupled room-temperature model.
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Figure 5.7. Vertical sliced (side view) EM power density of mashed potato with various
initial temperatures (room-temperature and frozen) at different time using coupled
approach.
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Figure 5.8. Surface temperature after 10 s (1 rotational cycle) microwave heating of
frozen mashed potato using coupled approach.
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(b) Frozen coupled-model
Figure 5.9. EM power density at different locations along vertical central axis at selected
time steps for (a) room-temperature coupled-model and (b) frozen coupled-model.
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Figure 5.10. Correlation coefficient between volume nodal EM power densities predicted
by the decoupled and coupled models during microwave heating of mashed potato.
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between coupled and decoupled models for microwave heating of mashed potato.
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Figure 5.12. Spatial temperature profile comparison between experiment and simulations after 4 minutes of microwave
heating of room-temperature mashed potato on the top surface.
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Figure 5.13. Transient point temperature profile comparison between experiment (3
replications) and simulations at six locations (15 mm from the top surface) during 4
minutes of microwave heating of room-temperature mashed potato.
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Figure 5.14. Spatial temperature profile between experiment and simulations after 4 minutes of microwave heating of frozen
mashed potato on the top surface.
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Table 5.1. Computation time of coupled and decoupled models for 4 minutes of
microwave heating with 12 rotational locations.
Physics
Coupled model
Decoupled model
analysis
0.17 h/location×12
0.17 h/location × 12 locations = 2
EM field
locations/rotation ×24
h
rotations = 48 h
0.50 h min/rotation × 24
Heat transfer
2h
rotations = 12 h
Total
60 h
4h
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6.1 Abstract
Multiphysics based numerical model are promising tools to enhance
understanding of microwave heating of foods. These models are specific for particular
microwave oven and food configuration, which limits generalization. In addition, the
models are computationally expensive limiting their utility in the food industry. In this
study, we have developed a simple 1-dimensional (1-D) analytical model based on planar
wave assumption to predict the average heating rate of a food product based on the
dielectric, thermal, and physical properties. Two scenarios of microwave propagation
(without reflection and with reflection) were evaluated. A numeric “vpasolve” solver in
MATLAB was used to adjust the thickness of two compartments such that they would
heat at the same rate and have better heating uniformity. To validate this approach of
determination of thickness using the 1-D model, a 3-D multiphysics based numerical
model and experimental microwave cooking were used to evaluate the average heating
rate in the original equal and adjusted food designs. The validation using 3-D numerical
model was also performed for three multicompartment meals, three top surface areas,
three food shapes, and three microwave ovens. The meals with adjusted thicknesses
showed that the average heating rates of two compartments were closer indicating
improved heating uniformity. The average heating uniformity indices based on average
final temperature difference and coefficient of variation of 21 scenarios are 57.6% ±
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9.4% and 29.3% ±5.3%, respectively. Therefore, the simple 1-D model can be used for
preliminary design of microwaveable food products.
Keywords: wave-transmission matrix formulation method, reflection,
transmission, electromagnetic wave propagation, microwaveable food product design
6.2 Introduction
Nonuniform heating is the biggest challenge of the food products cooked in
domestic microwave ovens. This nonuniform heating not only influences the food
quality, but also may cause food safety issues, especially for the food products containing
raw or partially cooked ingredients. The heating nonuniformity is attributed to the
complex interactions between microwaves and food components, but can be improved by
properly designing the food product. Without completely understanding the interactions
between microwaves and dielectric food material, the food industry currently uses “trialand-error” method in microwaveable food product development. This is time consuming
and expensive.
To change this “trial-and-error” concept, many analytical and numerical models
have been developed to enhance understanding of microwave heating of foods, and serve
as tools in food product development. The earlier microwave heating models were
developed to predict microwave power distribution using analytical methods (Watanabe
and Ohkawa, 1978; Zhou and Chen, 1988). With extensive computing ability, numerical
methods were employed to simulate microwave heating process. Ayappa et al. (1991a,
1991b) and Basak and Ayappa (1997) solved coupled electromagnetic and heat transfer
equations to predict microwave heating performance of 1-dimensional (1-D) food
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products. Some studies have modeled microwave heating by applying a simplified source
term on the food surface where the microwaves exponentially decay into the food product
(Lambert’s Law) (Campañone and Zaritzky, 2005; Ni et al., 1999; Zhou et al., 1995).
More microwave heating models have been developed by solving Maxwell’s equations of
electromagnetic and coupling with heat transfer within food product to understand the
microwave heating performance of foods cooked in a 3-D microwave oven cavity (Chen
et al., 2015b; Geedipalli et al., 2007; Liu et al., 2014a, 2014b; Oliveira and Franca, 2000;
Pitchai et al., 2014, 2012; Rakesh et al., 2010, 2009; Romano et al., 2005). Several more
comprehensive models incorporating electromagnetic, heat and mass transfer, and phase
change of evaporation have been developed to describe more complex microwave
heating phenomenon (Chen et al., 2014, 2015a; Rakesh et al., 2012).
These numerical microwave heating models have been developed focusing on
accurate temperature prediction by incorporating more and more complicated physics and
model geometries. However, the state-of-the-art of these microwave models that describe
the heating of foods rotating on the turntable are not accurate enough to predict exact
temperatures within the food. Continuing to add more physics will add more
computational complexity and may limit its utility in the food industry. In addition, the
performance of heating food in microwave ovens dramatically changes with oven
cavities. Therefore, these models are specific for a microwave oven and food layout and
newer models have to be simulated for every new microwave oven and food layout. The
food product developers see the limited utility of these models in their food design, due to
(a) the large number of properties and parameters needed in the model, (b) expertise
required to properly setup the model, (c) and the expensive commercial software and
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computational intensity required to run the model (Chen et al., 2015b). These
comprehensive models are more useful in evaluating and improving the food product
designs in the later design stage of a development process. In the preliminary design
stage, the food developers may need a simple mathematical tool to design microwaveable
food in a generalized manner for any microwave ovens (e.g., design thickness of
homogeneous food components in a multicompartment meal).
Currently, penetration depth (a function of dielectric properties) is an important
term that is used in the preliminary design of microwaveable food products. The
thickness of a food product was recommended as 2-3 times of its penetration depth.
However, the heating rate of a food product depends on not only the dielectric properties,
but also thermal properties (e.g., specific heat capacity) and physical properties (e.g.,
density). A model to describe the heating rate of a food product based on its dielectric,
thermal, and physical properties will be helpful to assist the food developers in the earlier
design stage.
The objectives of this study are to:
(1) develop a simple 1-D model to determine the thicknesses of different
homogeneous food components in multicompartment meals to achieve similar heating rate;
(2) validate the utility of the 1-D model to determine thicknesses of different
homogeneous food components by evaluating the heating performance of a
multicompartment meal in a 3-D multiphysics numerical model and microwave heating
experiments; and
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(3) validate the robustness of the 1-D model by evaluating the heating performance
of different multicompartment meals in different top surface area and shape across
different microwave ovens using a 3-D multiphysics numerical model.
6.3 Materials and methods
The overall concept of the thickness determination is shown in Figure 6.1. The
overall objective of is to achieve same heating rate for two compartments in a
multicompartment meals by adjusting the thicknesses by using a simple 1-D model. The
detailed model development, thickness determination, and model validation are described
as follows.
6.3.1 Simple 1-D analytical model development and thickness determination
The simple 1-D model was developed to predict the average heating rate of a food
product based on dielectric, thermal, and physical properties. As shown in Figure 6.2,
planar wave propagating in the positive z direction (i.e. downward) with an x directed
electric field of intensity Ef,1,a in air normally incidents from air on the top surface of a
food material, where part of the microwave energy is reflected back at the air-food
interface (microwave propagates from air to food domain) into the food. The incident
electric intensity was set as 4750 V/m, which corresponds to a 1.2 kW domestic oven
(Hossan and Dutta, 2012). The transmitted microwave energy propagates into the food
product of thickness “d”. Two scenarios of microwave propagation were evaluated using
the 1-D model, as shown in Figure 6.2: a. without reflection (there is no microwave
reflected at the food-air interface and the food domain was considered infinitely long); b.
with reflection (the food product is placed on a glass turntable in an oven and microwave
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propagates to the metal boundary and reflects back; reflections are considered at each
interface).
The electric field strength (E(z)) at location z within the food product for the two
scenarios can be derived based on the dielectric properties and thickness of each layer.
For scenario 1 (without reflection), the transmitted microwave exponentially decays
along the propagation direction within the food. For scenario 2 (with reflection), the
electric field strength was derived using a wave-transmission matrix formulation (Collin,
1960). The derivations for two scenarios of microwave propagation are described in
detail in the Appendix.
After the electric field strength within the food product is calculated, the power
absorbed per unit volume by the dielectric food product at location z can be described as:
1

P(z) = 2 ωε0 ε"|E(z)|2

(1)

The total power absorbed by the food product per unit cross section can be
integrated over the food product thickness to get the total power absorbed per unit cross
section:
d

1

d

Q = ∫z=0 P(z)dz = 2 ωε0 ε" ∫z=0|E(z)|2 dz

(2)

The average heating rate of the food product can then be calculated as:
∆T
∆t

=

Q
ρCp d

(3)

Therefore, the average heating rate of a food material is a function of dielectric
properties of dielectric constant (ε’) and dielectric loss factor (ε”), thermal property of
specific heat capacity (Cp), and physical properties of density (ρ) and thickness (d).
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For a multicompartment meal with two homogeneous food components placed in
two compartments with same top surface areas, the thickness can be adjusted to achieve
the same average heating rate and therefore improved heating uniformity. The original
thicknesses d0 (d0 > 0) was set for both food products in a compartment meal. The
thicknesses of the two compartments (d1 and d2) in a meal were adjusted by using a
numerical solver (vpasolve) in MATLAB (MathWorks® Inc. Natick, MA) to achieve
same average heating rate, as determined using Eqn. 3. The total mass of the adjusted
meal was set as the same as original meal:
ρ1 d1 + ρ2 d2 = ρ1 d0 + ρ2 d0

(4)

The above equation assumes that the top surface areas of the two components are
equal. However Eqn. 4 can be easily modified to accommodate different top surface
areas by multiplying the surface area of each component. The original thicknesses d0 was
set as 2.5 cm for both food products in a compartment meal, which is the typical
thickness of microwaveable meals.
6.3.2 Validation of the utility of the 1-D analytical model using 3-D multiphysics
numerical model and experiments:
The utility of the 1-D model to determine the thickness of a multicompartment meal
based on dielectric, thermal, and physical properties was validated by our previously
validated 3-D multiphysics numerical microwave heating models. These models have
been developed and validated in different studies to describe the heating performance of
the foods in domestic microwave ovens (Chen et al., 2014, 2015b; Pitchai et al., 2014).
The 1-D model was first validated by both actual cooking experiments and 3-D
multiphysics numerical model simulation of cooking of a multicompartment meal
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consisting of water and butter with round top surface (radius of 4 cm) in a domestic
microwave oven (Panasonic, NN-SD9675) for one minute. The geometry of the 3-D
numerical model is shown in Figure 6.3.
6.3.3 Validation of the robustness of the 1-D analytical model using 3-D multiphysics
numerical model:
The 1-D model adjusts thickness of two or more homogenous food compartments
irrespective of top surface area, food shape, and type of oven and therefore the results are
more generalized. However, in reality, those factors do affect the cooking performance.
Therefore the effects of food component combinations, top surface area, food shape, and
oven cavity on the utility of the 1-D model were comprehensively evaluated by
simulating in the 3-D multiphysics numerical models considering each factor. The
comparison of heating performance of original equal and adjusted thicknesses was
evaluated for three multicompartment meals, three top surface areas (round top surface
radius of 2, 4, and 8 cm), three food shapes (round, half-oval, and square shape top
surface), and three microwave ovens (oven 1: Panasonic, NN-SD9675, oven 2:
Panasonic, NN-SD767, and oven 3: GE, JES2051DN2BB), as summarized in Table 6.1.
To evaluate the oven variability, the effect of each factor (food components combination,
top surface area, and food shape) was evaluated for three ovens.
The three microwave ovens have different oven cavity designs: oven 1 and oven 2
are in rectangular shape with different dents on oven walls; oven 3 is in rectangular shape
with round curvatures at back wall. The three food component combinations evaluated
were: (a) water and butter (both having higher penetration depth), (b) pasta and sauce
(both having lower penetration depth) and (c) sauce and butter (having lower and higher
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penetration depth, respectively). The dielectric, thermal, and physical properties of four
materials are summarized in Table 6.2. The dielectric properties of glass turntable and air
are 4 and 1, respectively. The thicknesses of turntable and air are 6 and 9 mm,
respectively.
The meals were heated from room temperature (20 °C) for one minute in domestic
microwave ovens on a rotating turntable. The average final temperature difference of two
compartments predicted by the 3-D numerical model was compared between the original
equal thickness and adjusted thickness of components. The heating uniformity
improvement index was calculated based on average final temperature difference by
using Eqn. 5 as:
HUI∆T (%) =

(|∆To | –|∆Ta | )
|∆To|

× 100

(5)

where HUI is heating uniformity improvement index, ∆To and ∆Ta are average final
temperature differences between two compartments with original equal and adjusted
thicknesses.
The final temperature coefficient of variation (CV) of the entire multicompartment
meal was calculated as: standard deviation of temperatures at each node within the entire
food domain (both food components) / average temperature of all nodes in the entire food
domain. The heating uniformity improvement index considering coefficient of variation
of temperature in the entire food is given by:
HUICV (%) =

(CVo –CVa )
CVo

× 100

(6)

where CVo and CVa are coefficient of variation of nodal temperatures of the entire food
products with original equal and adjusted thicknesses.

195

The averaged heating uniformity improvement indices for both HUI∆T and
HUICV across three ovens with ±1 standard error was shown for each validation scenario.
6.4 Results and discussions
Several 1-D models have been developed to predict the temperature distribution
within single-layered and multi-layered food products (Ayappa et al., 1991a, 1991b;
Barringer et al., 1995). In these models, the microwaves were assumed incident from
both sides of the food product with same intensity. However, it is difficult to determine
how much microwave incident from each side of a food in a microwave oven. It also
varies from oven to oven. In our 1-D analytical model, we assumed that microwaves
incident only from the top surface of the food product, and the food product is placed on
a turntable in an oven, where microwaves could reflect on the food-turntable, turntableair, and air-metal boundary interfaces, as shown in Figure 6.2. In addition, the main
objective of this study was to use the 1-D analytical model to predict the average heating
rate and determine the thickness of a multicompartment meal based on the dielectric,
thermal, and physical properties.
6.4.1 1-D analytical model and thickness determination
6.4.1.1 Absorbed power density distribution
The absorbed power densities distribution (P(z)) in various food products with
different thicknesses (2, 4, 6 cm, and “infinite”) with an incident electric intensity of
4750 V/m were shown in Figure 6.4. The selection of the incident electric intensity will
not influence the trend of the power density distribution, but the magnitude of differences
may change. The power density distribution is proportional to the square of the selected
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incident electric intensity (Eqn. 1). The planar wave normally incidents on the top surface
of the food product and travels through the thickness of the product. The power densities
of 2, 4, and 6 cm thick food products were determined by the 1-D model with reflection,
while that of “infinite” thick food product was determined by the model without
reflection. The model that had an assumption of infinite thickness is similar to Lambert’s
law; only difference is that we considered the reflection at the air-food interface
(boundary 1) in our model, while the Lambert’s law takes the initial power as the power
at the surface and therefore consideration of reflection is not necessary. Four food
products showed considerably different power densities in the food product, especially
for the scenario of with reflection.
As expected, the “without reflection” scenario produced an exponential decay of
power as the wave travels through the food product, irrespective of the type of the food
product, which is known as Lambert’s Law. However, the different food products had
different power densities at the air-food interface (z = 0) because of the initial reflection
at the interface and different dielectric loss factors. The power density at air-food
1

2

interface can be calculated by (2 ωε0 ε"|Ef,1,1 T01 | ) and therefore depends on transmission
coefficient (T01) and dielectric loss factor (ε”) of the food product. The transmission
coefficients for four food products were calculated according to Eqn. A.2 in the
Appendix, as shown in Table 2. Water and sauce with higher dielectric properties (εr)
have smaller energy transmission on the air-food interface; while sauce with high
dielectric loss factor (ε”) showed higher power absorption than other food products.
Butter has the highest transmission coefficient, however the power absorption at the airbutter interface is low due to its lower dielectric loss factor.
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Propagated microwave within a food product with finite thickness gets reflected
back and forth at interfaces of food-turntable, turntable-air, and air-metal, and forms a
standing wave pattern. The fluctuation of power density distribution along thickness is
attributed to the reflected microwaves at interfaces. As shown in Figure 6.4, the power
density was disturbed less by the reflected energy for a thicker food product. When the
thickness is increased, the power density distribution becomes closer to that of without
reflection (infinite thickness). This is because when microwave travels within the food
product along the propagation direction, the energy is absorbed by the food product. If
the reflected energy is not considered, the distance at which the microwave energy decays
to 1/e (36%) after the microwave penetrates to a distance equal to penetration depth.
Therefore, for a thicker food product, less microwave energy reaches the bottom side of
the food and the reflected energy is less, which will disturb the power density less. This
disturbance of power density within the food product is also observed in other 1-D
models (Ayappa et al., 1991a, 1991b; Barringer et al., 1995).
Different food product with equal thickness also showed considerably different
power density distribution. For example, for food products with thickness of 2 cm, butter
showed larger disturbance of reflection than sauce. This can be attributed to the relative
high penetration depth of butter. When microwave penetrates into a material with higher
penetration depth, more energy will reflect back and causes large magnitude of power
density fluctuation distribution along the microwave travelling direction.
6.4.1.2 Total power absorption
The total power absorption (Q) in the food product is the integration of the power
density over the thickness with an incident electric intensity of 4750 V/m, as shown in

198

Figure 6.5. The selection of the incident electric intensity will only influence the
magnitude but not the trend of the total power absorption. The magnitude will change
based on the relationship that the total power absorption is proportional to the square of
the selected incident electric intensity (Eqn. 2).
The total power absorption of all four food products increased with thickness and
stabilized gradually, when reflection at food-air interfaces (“without reflection” scenario)
is not considered. This increasing trend is expected as there is more material to absorb the
power and less energy is transmitted out of the food material through the bottom layer.
As the intensity of the electromagnetic wave attenuates exponentially, the total power
absorption stabilizes after a certain thickness. The food product with a higher penetration
depth (lower attenuation constant) such as butter reaches stabilization at a larger
thickness, because the microwave energy attenuates slower.
The total power absorption with reflection showed a general increasing trend but
with fluctuation along the thickness and stabilized gradually at high thickness. The
fluctuation is due to the disturbance of the reflected microwave energy. Materials with
lower penetration depth showed lower fluctuations due to lesser reflection as the
thickness of the material is increased. Similar to the scenario of without reflection, the
food product with higher penetration depth showed slower stabilization.
6.4.1.3 Power absorption contributed by reflection
Percent power absorption contributed by reflection can be calculated as:
(

Qwith reflection −Qwithout reflection
Qwith reflection

) × 100, as shown in Figure 6.6. Because of the

fluctuations in total power absorption with reflection shown in Figure 6.3, the total power
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absorption contributed by reflection was also fluctuating with increasing thickness, but
will decrease to zero as the thickness increase to infinity. Generally, the reflected power
absorption of butter and water contributed more to the total absorbed power than those of
pasta and sauce, which can be attributed to the relatively higher penetration depth (lower
attenuation constant) of butter and water. Butter and water showed bigger power density
disturbance by the reflected power as shown in Figure 6.4.
Generally, the power absorption contributed by reflection decreased with
increasing thickness for all four food products. For example, the percent of reflected
power to total power for sauce with thickness of 6 cm dropped to 0.2%, indicating very
little influence of reflection. This also can be observed in the power density of sauce
(Figure 6.2d) that the total power absorption for thickness d = 6 cm matched closely with
that of “infinite” thick product (no reflection). However, for a food product with high
penetration depth, such as butter, the power absorption contributed by reflection was as
high as 37.3% even for thickness of 6 cm, indicating the big contribution of reflection.
Therefore, the reflections of microwave at interfaces need to be considered in the
1-D analytical model to predict the total power absorption more accurately, especially for
the products with higher penetration depths and smaller thicknesses. In the following
sections, we evaluated the heating performance of multicompartment meals with original
equal and adjusted thicknesses that are determined by using the 1-D model with
reflection.
6.4.1.4 Thickness determination and validation of the 1-D model
The original equal and adjusted thicknesses using the 1-D model with reflection
of two compartments of three meals are shown in Table 6.3. Generally, the food products
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with relative higher average heating rate were adjusted thicker and those with relative
lower average heating rate were adjusted thinner.
6.4.2 Validation of utility of the 1-D model using 3-D numerical model and
experiments
The simulated (using 3-D multiphysics numerical model) and experimental
heating average temperatures for a multicompartment meal of water-butter with original
equal and adjusted thicknesses were evaluated, as shown in Figure 6.7.
The average temperature of each compartment at original equal thickness showed
considerable difference. Adjusting the thickness according to the 1-D model reduced the
average temperature difference. The simulated average final temperature difference
between two compartments was reduced from 27.7 to 9.7 ˚C. However, the adjusted
thickness showed over-correction on average temperatures, meaning that water with
adjusted thickness had the higher heating rate than the butter. It is important to note that
the simulation and experiment results will vary from oven to oven, while the 1-D
analytical model is generic for any ovens. Therefore, in some other oven, the 1-D model
may not over-correct for thickness.
It is also expected that the 1-D model may not make the heating rates equal for
two compartments, due to assumptions in the model. The 1-D model assumed that
microwave penetrates from the top surface of the food, while in reality microwave could
penetrate from all directions in real microwave heating. However, the improvement in
heating rate uniformity between the two components demonstrated the feasibility of using
the 1-D analytical model to adjust the thicknesses of a multicompartment meal.
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For both multicompartment meals with original and adjusted thicknesses, the
experimental average temperatures matched well with those of the simulated results.
Therefore, in the following evaluation, only the 3-D multiphysics numerical model was
used to further validate the 1-D analytical model, while the experiments were not
performed.
6.4.3 Validation of the robustness of the 1-D model using 3-D numerical model
6.4.3.1 Effect of food, surface area, shape, and oven on average final temperature
The 1-D analytical model does not consider surface area, shape, and oven cavity
on adjusting the thickness; however in reality those factors significantly affect the heating
rates. Those factors are considered by the 3-D analytical model. This section validated
the utility of the 1-D analytical model in adjusting thickness of food components for
variety of these factors and different types of food components using the 3-D numerical
model.
6.4.3.3.1 Effect of food
Three different multicompartment meals (water-butter; pasta-sauce; sauce-butter)
were evaluated for the utility of 1-D analytical model (Figure 6.8). Different food
component combinations showed considerably different levels of utility of 1-D model in
terms of average heating rate difference between the two components. The average
heating rate difference were changed from 27.7 to 9.7 ˚C/min (decreased by 64.9%), 13.8
to 7.9 ˚C/min (decreased by 44.3%), and 12.2 to 17.1 ˚C/min (increased by 40.7%),
respectively, for water-butter, pasta-sauce, and sauce-butter food systems. The bad
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performance of sauce-butter may be attributed to this specific food product combination
cooked in this specific oven.
6.4.3.3.2 Effect of top surface area (radius) of cylindrical food
The effect of top surface area was evaluated for cylindrical food by varying the
radius of 2, 4, and 8 cm is shown in Figure 6.9. The average heating rate differences were
changed from 27.9% to 32.8 ˚C/min (increased by 17.6%), 27.7 to 9.7 ˚C/min (decreased
by 64.9%), and 9.9 to 0.9 ˚C/min (decreased by 90.7%), respectively, for food products
with radius of 2, 4, and 8 cm. As expected, the 1-D analytical model performed best at
the largest surface area. This is because, the 1-D model assumed the waves incident only
on the top surface and there was no energy incidence on the sides and the bottom. For the
food product with radius of 8 cm, the assumption of 1-D model is more solid. Besides,
because of the large volume of the food product with radius of 8 cm, the heating rate are
low. The increasing in average heating rate difference for multicompartment meal with
top surface radius of 2 cm can be attributed to the small dimension of the food product
cooked in a specific microwave oven, where the penetration of microwave from sides
influenced the total power absorption considerably. Therefore, the food product with
bigger top surface area is more promising in improving the average temperature by
adjusting the thicknesses using the 1-D analytical model.
6.4.3.3.3 Effect of shape
As shown in Figure 6.10, the food shape did not influence the average heating rate
considerably. The average heating rate differences were reduced from 27.7 to 9.7 ˚C/min
(decreased by 64.9%), 20.8 to 13.0 ˚C/min (decreased by 37.3%), and 24.1 to 8.4 ˚C/min
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(decreased by 65.1%) for food products with round, half-oval, and square shape top
surfaces, respectively. All three food products with different top surfaces showed average
heating rate improvement, indicating the versatility of the 1-D analytical model’s utility
in adjusting thickness of multicompartment meals.
6.4.3.3.4 Effect of oven
As shown in Figure 6.11, all three microwave ovens showed similar results that
the adjusted thicknesses helped reduce the average heating rate difference, validating the
1-D model concept. The average heating rate differences were changed from 27.7 to 9.7
˚C/min (decreased by 64.9%), 32.8 to 11.1 ˚C/min (decreased by 66.0%), and 27.8 to
13.2 ˚C/min (decreased by 52.7%), for ovens 1, 2, and 3, respectively. However, oven 1
showed over-correction, while oven 2 and 3 showed under-correction. This difference
may be attributed to the oven cavity difference which causes total power absorption
difference in the 3-D numerical models. Potentially, another oven might show that the
adjusted thickness resulted in poor cooking performance of the multicompartment meal.
In the 1-D analytical model, it was assumed that planar wave normally incidents on the
top surface of the food product. But in reality, microwave can be observed from all
directions. In addition, a typical domestic microwave oven is a multimode cavity.
Different microwave ovens designs have different modes structure determined by cavity
dimensions, shape, and microwave feed, which greatly influence the heating performance
of the food product (Matthew and Pesheck, 2009).
In summary, the adjusted thickness determined by the 1-D model generally
decreased the average heating rate difference between two compartments in a
multicompartment meal. However, in some specific scenarios (combination of oven and
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food), the adjusted thickness did not show reduced average heating rate difference.
Therefore, it is necessary to evaluate the heating performance of different food products
combinations in different oven cavities.
6.4.3.2 Effect of food, surface area, and shape across three ovens on heating
uniformity
The main objective of this study is to adjust the thickness of multicompartment
meals to achieve same heating rate or same average final temperature difference (∆Ta =
0). However, the heating uniformity within the whole food product is also important in
evaluating the heating performance of the food products with adjusted thickness. In
addition, different oven cavities showed considerable variability in improving heating
performance of cooking food products with adjusted thicknesses as shown in Figure 6.11.
Therefore, the effect of food, top surface area, and shape on heating uniformity
improvement was evaluated across different microwave oven cavities. The averaged
heating uniformity improvement values for those effects across three microwave ovens
with ±1 standard error were shown in Figure 6.12.
The 1-D analytical model was designed to achieve same average final temperature
of two components and therefore HUI∆T might be more appropriate. This completely
ignore temperature variation within the component. If sufficient standing time is allowed,
the temperature of each component should equilibrate to the average final temperature,
assuming that there was no heat loss, and this HUI∆T index is representative of this
situation. Never-the-less, the nonuniform heating within the component might be
significant. In the case of no standing time is allowed, the heating uniformity
improvement HUICV based on coefficient of variation of the entire meal may be more
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appropriate. As shown in Figure 6.12, the heating uniformity improvement index based
on average temperature (HUI∆T) was always higher than that calculated based on
coefficient of variation of temperature (HUICV). This is because the heating uniformity
improvement based on average temperature difference ignored the temperature difference
within each compartment, while the heating uniformity improvement based on coefficient
of variation of temperature of the whole food product also evaluated the temperature
variance within each compartment.
Except pasta-sauce combinations, the HUI∆T based on average final temperatures
ranged from 48.1% to 88.6% and HUICV based on coefficient of variation of temperatures
ranged from 19.7% to 54.3%. This is a significant improvement that the food product
developer should consider in their design. It is important to note the size of the error
bars, which indicates the huge variability existing from oven to oven.
For the effect of top surface area, both the heating uniformity index based on
average final temperature difference (HUI∆T) and coefficient of variation of temperature
within the whole food (HUICV) increased with the increasing top surface radius. This is
because, with increasing top surface radius (area), the food products is closer to the
assumption of one dimension, where the adjusted thicknesses showed better heating
uniformity improvement. The food products with larger top surface area also showed
smaller variability among the three microwave ovens, indicating that the results are
consistent. For the effect of food shape, all the three food shapes showed increased
heating uniformity improvement across the three microwave ovens, indicating the
promising of the 1-D model to determine the thicknesses of food products with different
shapes in different microwave ovens that could be cooked more uniformly.

206

For the effect of food components combination, the food products with adjusted
thicknesses showed considerably different heating uniformity improvement. Food
systems of water-butter and sauce-butter showed improved heating uniformity across
three microwave ovens, while food system of pasta-sauce showed improved averaged
heating uniformity based on average temperature (HUI∆T) but poor averaged heating
uniformity based on the coefficient of variation of temperature within the whole food
product (HUICV) for three microwave oven cavities. This decreased averaged heating
uniformity of pasta-sauce was mainly attributed to the decreased heating uniformity in
oven 3, while it had positive heating uniformity in ovens 1 and 2. For oven 3, the
coefficient of variation of temperature changed from original value (CVo ) of 7.8% to
adjusted value (CVa ) of 11.1%. As the heating uniformity index is calculated by the
difference over the original coefficient of variation and as the denominator had a smaller
value (7.8%), the heating uniformity improvement index decreased by 42.5%. This
significant decrease of the heating uniformity improvement index of oven 3 caused the
negative averaged heating uniformity improvement index. This heating uniformity
decrease indicated that the food products with adjusted thickness may show worse
heating performance in some specific microwave ovens, especially for the food product
with smaller original average temperature difference (e.g., in the scenario of pasta-sauce
cooked in oven 3, the original average final temperature difference is 6.1 ˚C). The
thickness of pasta and sauce was adjusted very little (Table 6.3), indicating that the
original thickness itself corresponds to acceptable heating uniformity. For practical
purposes, the coefficient of variation of the original and adjusted thickness in oven 3 is in
acceptable range that this worst performance may not be of a practical significance.
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In this study, the utility of the 1-D model were evaluated for 21 scenarios with
different food component combinations, top surface areas, food shapes, and oven
cavities. There are 3 scenarios showing decreased heating uniformity based on average
temperature or coefficient of variation of temperature. However, 85.7% of the scenarios
showed that the adjusted thicknesses using the 1-D model could help reduce the average
temperature difference between two compartments and improve the heating uniformity of
the entire food product. The average and ±1 standard error of the heating uniformity
improvement indices of the 21 scenarios are 57.6% ±9.4% and 29.3% ±5.3%,
respectively, for HUI∆T and HUICV. The improvement in both heating uniformity index
for different scenarios indicates that it is feasible to use the 1-D model to adjust
thicknesses of a multicompartment meal to achieve better heating uniformity.
6.4.4 Potential applications of the 1-D model
Although the 3-D multiphysics numerical model can be used to design
microwaveable food product by predicting temperatures within the food product at any
locations, the designed food product may not generalize to different oven cavities. Oven
variability is so large that it poses the major challenge for food product developer to
design a multicompartment meal that performs well across a range of ovens. While
multiple simulations using 3-D numerical model captures the variability in oven, it does
not help solve the problem faced by food product developer. This simple 1-D analytical
model ignores all those variabilities and presents a design solution that is more
generalized. As discussed, this final design may not work on select few ovens, but the
results show that it has a great potential to improve heating uniformity in majority of the
scenarios. This 1-D model is a clearly a useful tool for the preliminary design of
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thickness of the products. In addition, this simple 1-D model is already deployed on our
website (microwave.unl.edu). A database of food products properties has been compiled
from the literature to be used in this 1-D model. The food developers can utilize this 1-D
model and database to design microwaveable food product in the preliminary design
stage.
6.5 Conclusions
A simple 1-D model assuming microwave normally incidents on the top surface
of food product was developed to predict the average heating rate (average temperature)
of a food product based on the dielectric, thermal, and physical properties. Two scenarios
of microwave propagation (without reflection and with reflection) were evaluated in the
1-D model to predict the absorbed power density, total power absorption, and power
absorption contributed by reflection. The results showed that the absorbed power density
distribution within the food product was disturbed by the reflected microwave, causing
fluctuation of total power absorption with increased food thickness. It is necessary to
include the reflection in the 1-D model to predict the total power absorption more
accurately. Based on the 1-D model, the thicknesses of two compartments of water and
butter were adjusted from original equal thickness to achieve same heating rate. The
adjusted thicknesses were validated by heating the food product in both experiments and
3-D multiphysics based numerical model and the results matched well with each other.
The meals with adjusted thicknesses showed improved average temperature and heating
uniformity. This concept of determining thicknesses of a multicompartment is valid for
different oven cavities, food dimensions (top surface radius), food shapes, and food
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combination systems. The heating uniformity improvement indices were evaluated 21
scenarios, and 18 scenarios showed improved heating uniformity. The average heating
uniformity improvement indices of the 21 scenarios are 57.6% ±9.4% and 29.3% ±
5.3%, respectively, for HUI∆T and HUICV. Therefore, the simple 1-D model can be used
to preliminarily design the thickness of microwaveable food products based on dielectric,
thermal, and physical properties.
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Appendix: Derivation of 1-D analytical model
In the following derivations, the subscripts are defined as follows:
In Ef,m,n and Eb,m,n, f indicates forward electromagnetic wave, b indicates backward
electromagnetic wave, m is the interface (boundary) number, n = a indicates above
boundary m, n = b indicates below the boundary m. Tij is the transmission coefficient at
interface between materials i and j, and microwave incidents from material i to material j.
Γij is the reflection coefficient at interface of materials i and j, and microwave incidents
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from material i to material j. In our scenario, material 0 is air, material 1 is food, material
3 is glass turntable, material 4 is air, and material 5 is metal cavity.
1 Electric density distribution within a food product
1.1 Without reflection (Figure 7.2a)
The electric field decays exponentially along the propagation direction, after
entering into the food product. The electric field at location z can be described as Eqn.
A.1.
E(z)= Ef,1,a T01 e‐γz
T01 = η

2η1

1 + η0

μ μ

(A.1)
(A.2)

η = √ ε0 ε r

(A.3)

γ = iω√ε0 μ0 εr μr = α + iβ

(A.4)

0 r

where εo and μo are permittivity and permeability of free space, respectively; εr and μr (1
for nonmagnetic material in this study) are permittivity and permeability of material,
respectively; η is the intrinsic impedance of the material, γ is the propagation constant
for the material, α is the attenuation constant, β is the phase constant (Ayappa et al.,
1991a).
1.2 With reflection: wave-transmission matrix method (Figure 6.2b)
The microwave reflect back and forth at food-turntable, turntable-air, and airmetal boundary interfaces forming standing wave pattern within the food product. The
forward and backward electric field density at location z can be described as Eqns. A.5
and A.6, respectively:

215

Ef(z) = Ef,1,b e−γz

(A.5)

Eb(z) = Eb,2,a e−γ(d−z)

(A.6)

At boundary 1:
The forward electric field density (Ef,1,b ) passing through the food material
(below boundary 1) is the sum of the transmitted electric field density at boundary 1
(Ef,1,a T01 ) from the forward energy and the reflected electric field at boundary 1
(Eb,1,b Γ10) from the backward energy, as shown in Eqn. A.7:
Ef,1,b = Ef,1,a T01 + Eb,1,b Γ10

(A.7)

η −η

where Γ10 = η0 + η1
0

(A.8)

1

Similarly, the backward electric field (Eb,1,a ) above boundary 1 is the sum of the
transmitted electric field at boundary 1 (Eb,1,b T10 ) from the backward energy and the
reflected electric field at boundary 1 (Ef,1,a Γ01 ) from the forward energy, as shown in
Eqn. A.9:
Eb,1,a = Ef,1,a Γ01 + Eb,1,b T10

(A.9)

The Eqns. A.7 and A.9 can be rearranged to solve for Eb,1,a and Ef,1,a and can be
express in the following matrix format:
1

Ef,1,a
T01
[
] = [Γ01
Eb,1,a
T01

Γ

− T10

Ef,1,b
][
]
(T10 T01 − Γ01 Γ10 ) Eb,1,b
01

1
T01

(A.10)

Since T01 = 1 + Γ01 , T10 = 1 + Γ10 , and Γ10 = −Γ01,
T10 T01 − Γ01 Γ10 = 1

(A.11)
1

Ef,1,a
T01
Therefore, [
] = [Γ01
Eb,1,a
T01

Γ01

Ef,1,b
T01
]
1 ] [E
b,1,b
T01

= mbou,1 [

Ef,1,b
]
Eb,1,b

(A.12)
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In one material with thickness of d:
When microwave travels through a material with thickness of “d”, the electric
field density exponentially decays along the travelling direction. At the lower boundary
of the food product (boundary 2), the forward electric field density above boundary 2 is
given as:
Ef,2,a = Ef,1,b 𝑒 −𝛾𝑑

(A.13)

Similarly, the backward electric field density above boundary 2 is given as:
Eb,2,a = Eb,1,b 𝑒 𝛾𝑑
Therefore, [

γd
Ef,1,b
] = [e
Eb,1,b
0

(A.14)
Ef,2,a
0 ] [ Ef,2,a ] = m
[
]
mat,1
Eb,2,a
Eb,2,a
e
−γd

(A.15)

At boundary 2, which is similar to boundary 1:
1

Ef,2,a
T12
[
] = [Γ12
Eb,2,a
T12

Γ12

Ef,2,b
T12
]
1 ] [E
b,2,b
T12

= mbou,2 [

Ef,2,b
]
Eb,2,b

(A.16)

For a system with n-1 layers of material and n interfaces, the electric field density
above interface 1 can be described as:
[

Ef,1,a
Ef,n,b
Ef,n,b
] = mbou,1 mmat,1 mbou,2 mmat,2 … mmat,n−1 mbou,n [
] = Mint,1,n [
]
Eb,1,a
Eb,n,b
Eb,n,b
(A.17)

The electric field density above interface j can be described as:
[

Ef,j,a
Ef,n,b
Ef,n,b
] = mbou,j mmat,j mbou,j+1 mmat,j+1 … mmat,n−1 mbou,n [
] = Mint,j,n [
]
Eb,j,a
Eb,n,b
Eb,n,b
(A.18)
Each m and M is a matrix of 2×2, and Mint,j,n = (∏n−1
i=j mbou,i mmat,i )mbou,n
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And the relationship between electric field densities above and below boundary j
is:
[

Ef,j,a
Ef,j,b
] = mbou,j [
]
Eb,j,a
Eb,j,b

(A.19)

In this study, there are three layers of materials (food, turntable, and air) with
thickness of d1, d2, and d3, respectively; there are four interface boundaries (air-food,
food-turntable, turntable-air, and air-metal).
The microwave reflects back on metal boundary completely: Eb,n,a = −Ef,n,a,
therefore,
[

Ef,1,a
]=
Eb,1,a
1

T01
[Γ01
T01

Γ01

1

T01 eγ1 d1
1 ][
T01

0

0

T
] [ 12
−γ1 d1 Γ12
e
T12

1

Γ12
T12 eγ2 d2
1 ][
T12

0

0

T
] [ 23
−γ2 d2 Γ23
e
T23

Γ23
T23 eγ3 d3
1 ][
T23

0

0
e−γ3d3

][

Ef,4,a
]
−Ef,4,a

(A.20)
Therefore, all the electric field density (Ef,m,n and Eb,m,n) at boundaries can be
solved by Eqns. A.19 and A.20.
The electric field density distribution within food product at location z is:
E(z) = Ef(z) + Eb(z) = Ef,1,b e−γz + Eb,2,a e−γ(d−z) = Ef,1,b e−γz + Eb,2,a e−γd eγz

(A.21)

2 Total power absorption
After deriving the electric field strength in the food product, the absorbed power
density at location z is:
1

P(z) = 2 ωε0 ε"|E(z)|2

(A.22)
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The total power absorbed by a unit area section and d meters thick slice of the
food is:
d1

1

Q = ∫0 2 ωε0 ε"|E(z)|2 dz = 2 ωε0 ε" [−
2|Ef,1,b ||Eb,2,a |e−αd d]

2

|Ef,1,b |
2α

2

(e−2αd − 1) +

|Eb,2,a |
2α

e−2αd (e2αd − 1) +
(A.23)
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Food 1

Food 2
d2

d0

d0

d1

Objective function: Minimizing the average heating rate difference between two
components,

∆T1
∆t

−

∆T2
∆t

→0

Variable to change: Thicknesses of two food compartments (d1 and d2)
Constraint: Total mass per unit area is constant, ρ1 d1 + ρ2 d2 = ρ1 d0 + ρ2 d0 (d0 >0)
Tool: 1-D analytical model (Objective 1)
Setup/Assumptions for the 1-D analytical model:

1. Two food compartments heat independent of each other without any interference.
2. Microwaves (planar waves) incident only from the top surface of the food.
Validation:
1. Validate the utility of the 1-D analytical model for adjusting thickness to minimize the
differences in average heating rate between two foods using 3-D numerical model and
experiments (Objective 2).
2. Validate the robustness of the 1-D analytical model for different foods (types, shapes,
and sizes) across different ovens using 3-D numerical model (Objective 3).

Figure 6.1. Overall concept for thickness determination using 1-D analytical model.
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(a) Without reflection.

(b) With reflection
Figure 6.2. Schematic diagram of microwave transport in food product: (a) without
reflection (b) with reflection. Ex lies in the plane of the paper, Hy is directed along the
outward normal to the paper.
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Figure 6.3. Geometry of the 3-D numerical model for validating adjusted thickness of
water and butter in a microwave oven.
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Figure 6.4. Power density distribution within food product with different thicknesses: (a)
Butter, (b) Water, (c) Pasta, (d) Sauce with incident electric density of 4750 V/m.
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Figure 6.5. Total power absorption of various food products at different thicknesses with
incident electric field density of 4750 V/m.
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Figure 6.6. Total power absorption contributed by reflection as a function of thickness of
various food products.
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(a) Original thickness (dbutter= dwater = 2.50 cm)
100
Water_experiment

Average temperature, ˚C

90

Butter_experiment
Water_simulation

80

Butter_simulation
70
60
50
40
30
20
0

10

20

30

40

50

60

Time, s

(b) Adjusted thickness (dbutter= 3.67 cm, dwater = 1.43 cm)

Figure 6.7. Validation of 1-D model for adjusting thickness of water and butter in a
multicomponent meal using experiments (points) and 3-D numerical model (line) in oven
1.
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Figure 6.8. The effect of food component combination on the utility of using 1-D model
to determine thicknesses of multicompartment meals.
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Figure 6.9. The effect of top surface areas on the utility of using 1-D model to determine
thicknesses of multicompartment meals.
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Figure 6.10. The effect of food shape on the utility of using 1-D model to determine
thicknesses of multicompartment meals.
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Figure 6.11. The effect of oven cavity on the utility of using 1-D model to determine
thicknesses of multicompartment meals.
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Figure 6.12. The effect of food, top surface area, and shape on heating uniformity
improvement across three domestic microwave ovens (Error bars indicate ±1 standard
error). HUI∆T and HUICV are Heating uniformity improvement indices defined in Eqns. 5
and 6.

Table 6.1. Summary of 3-D multiphysics numerical model parameters for validating the 1-D model
Evaluated
Parameters

Values

Other parameters

Oven cavity

-

Oven 1: Panasonic, NN-SD9675

Oven 2: Panasonic, NN-SD767

Oven 3: GE, JES2051DN2BB

Food component
combination

Water-Butter

Pasta-Sauce

Sauce-Butter

Food dimension
(top surface
radius), cm

2

4

8

Round

Square

Half-oval

Three ovens
Round top surface
Radius of 4 cm
Three ovens
Water-Butter
Round top surface

Three ovens
Water-Butter

Food shape
(radius of 4 cm)

(side length of 8×8 cm)

(semiaxis of 4×8 cm)
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Table 6.2. Material properties of various food products.
Food product

Dielectric
constant

Dielectric loss
factor

Density,
kg/m3

Thermal
conductivity,
W/m∙K

Water
78.7 a
10.8 a
1000
0.56
b
b
Butter
2.3
1.0
911
0.29 d
Pasta
46.0 c
15.4 c
1050
0.50 e
Sauce
69.4 c
25.2 c
1050
0.50 e
a.(Chen et al., 2013); b. measured in this study; c. (Chen et al., 2015);

Specific heat
capacity,
J/kg∙K

Penetration
depth, cm

4200
2720 d
2460 e
3000 e

1.6
2.0
0.9
0.7

Absolute of
Transmission
coefficient,
|T01|
0.2018
0.778
0.2515
0.2088

d. (Walson, 1975); e. (Pitchai et al., 2015)
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Table 6.3. Original and adjusted thicknesses of multicompartment meals.
Food product
Water
Butter
Pasta
Food system 2
Sauce
Sauce
Food system 3
Butter
Food system 1

Original same thickness, cm Adjusted thickness, cm
2.50
2.50
2.50
2.50
2.50
2.50

1.43
3.67
2.88
2.12
0.99
4.24
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CHAPTER VII
SUMMARY AND RECOMMENDATIONS FOR FUTURE
RESEARCH
7.1 Summary
Microwave heating is rapid and convenient. However, the major concern about
microwaveable foods is nonuniform heating due to nonuniform distribution of microwave
power source in oven cavity and variations in dielectric, physical, and thermal properties
of food products (Pitchai et al., 2012). This nonuniform heating not only affects the
food quality but also results in severe food safety issues. Several foodborne illness
outbreaks associated with microwaveable frozen foods have been reported (CDC, 2008;
USDA-FSIS, 2010, 2007). The nonuniform heating in microwaveable food products can
be minimized by properly designing food product, food packages, and microwave heating
instructions. Physics based computer simulation models have been developed to
characterize the microwave heating process, enhance the understanding of interactions
between microwaves and food products, and serve as excellent tools for the food product
developers in designing a food product that cooks more uniformly across a range of
microwave ovens (Datta and Anantheswaran, 2001). However, these model are not
widely used in the food industry to assist microwaveable food development. This is
mainly attributed to three reasons: lacking of a wide database for material properties,
inadequate model predict ability and accuracy, and high computational power and
complexity in model development.
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This dissertation research focuses on filling these three gaps: collect temperaturedependent material properties of food product and provide them as input into the
multiphysics based microwave model, develop a comprehensive multiphysics based
microwave heat and mass transport model to improve the prediction accuracy, and
develop simplified models to reduce the computation time and model complexity for
microwaveable food product design. This will enable the application of multiphysics
based simulation of microwave heating in microwaveable food development and shorten
the product development cycle. The simplified numerical and analytical models can be
used for preliminary design, while the comprehensive multiphysics based model can be
used for later stage design.
7.1.1 Objective I – Material properties determination
In the most commonly used, open-ended coaxial probe method, dielectric properties
of food products are measured after calibrating the instrument at 25 °C using air (open
circuit), short (short circuit) and deionized water. Measurement accuracy may be
compromised when dielectric properties are measured at temperatures other than 25 °C.
This chapter systematically performed calibration at multiple temperatures, quantify
measurement errors and develop a method for multitemperature calibration to measure
dielectric properties of materials over a wide temperature range. The dielectric properties
of deionized water were measured from 1 to 90 °C after calibrating the dielectric
measurement system using air, short and deionized water at six different temperatures (1,
25, 40, 55, 70, and 85 °C). The temperature-dependent dielectric properties of water
calibrated at six temperatures were then compared with the reported values at two typical
microwave frequencies of 915 and 2450 MHz. The results showed that the 25 °C
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calibration is valid for dielectric constant measurement, but not valid for dielectric loss
factor measurement at temperatures far from the calibration temperature.
Multitemperature calibration is helpful for reducing errors and improving the accuracy of
the temperature-dependent dielectric properties measurement, especially for low-loss
materials. Calibrations at two temperatures (25 and 85 °C) within the range studied were
found to be suitable for the temperature-dependent dielectric properties measurement.
Temperature-dependent dielectric properties (dielectric constant and dielectric loss
factor) and thermal properties (thermal conductivity and specific heat capacity) of whey
protein gel and mashed potato were measured from -20°C to 100°C. The temperaturedependent material properties can be used in microwave heat transfer models for
improving heating performance of foods in domestic microwave ovens.
7.1.2 Objective II – Comprehensive multiphysics model for fresh food product
development
This chapter developed a 3-D finite element model coupling electromagnetics and
heat and mass transfer to understand the interactions between the microwaves and fresh
mashed potato in a 500 mL tray. The model was validated by performing heating of
mashed potato from 25 °C on a rotating turntable in a microwave oven, rated at 1200 W,
for 3 minutes. The simulated spatial temperature profiles on the top and bottom layer of
the mashed potato showed similar hot and cold spots when compared to the thermal
images acquired by an infrared camera. Transient temperature profiles at six locations
collected by fiber-optic sensors showed good agreement with predicted results, with the
root-mean-square-error ranging from 1.6 to 11.7 °C. The predicted total moisture loss
matched well with the observed result.
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Several input parameters, such as the evaporation rate constant, the intrinsic
permeability of water and gas, and the diffusion coefficient of water and gas, are not
readily available for mashed potato, and they cannot be easily measured experimentally.
Reported values for raw potato were used as baseline values. A sensitivity analysis of
these input parameters on the temperature profiles and the total moisture loss was
evaluated by changing the baseline values to their 10% and 1000%. The sensitivity
analysis showed that, the gas diffusion coefficient, intrinsic water permeability, and the
evaporation rate constant greatly influenced the predicted temperature and total moisture
loss, while the intrinsic gas permeability and the water diffusion coefficient had little
influence.
7.1.3 Objective III – comprehensive multiphysics model for frozen food product
development – simplification of frequency of updating dielectric properties
Our earlier comprehensive 3-D model including EM heating, heat and mass
transport, Darcy’s velocity, and phase change of evaporation of water that was developed
to simulate the microwave heating of a 550 g tray of fresh mashed potato was extended to
heating of a frozen mashed potato in a domestic oven on a rotating turntable. Two
frequencies of updating dielectric properties (typical approach of updating at each
rotational step and simplified approach of updating at each rotational cycle) were
evaluated in the comprehensive model to compare the model prediction accuracy and
computation time. The total power absorption of frozen mashed potato increased in the
first 30 s of microwave heating and then stabilized at around 1040 W, because of the
temperature-dependent dielectric properties. The experimental spatial variations of
temperatures on the top layer of the mashed potato at 2, 4, and 6 min of heating, the
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transient temperatures at six locations, and the total moisture loss showed good
agreement with the predicted results. While the simulations using both approaches
showed good agreement with the experiments, the simplified (less-frequent updating only
at each rotational cycle) approach reduced the computation time by 83%. A simultaneous
EM field analysis of discrete orientations combined with updating at each rotational cycle
is an approach that can be effectively used to save computation time. This saving in the
computation time is significant and may allow the coupled comprehensive multiphysics
model to be used to understand the microwave heating of frozen food products and assist
microwaveable food product development.
7.1.4 Objective IV – Model simplification (decoupling) to reduce computation time
Microwave heating models incorporating physics of electromagnetics and heat transfer
are computationally intensive, which limits their use in the industry. The electromagnetic
power density changes within the food during microwave heating were characterized.
The effect of decoupling electromagnetics from heat transfer analysis on accuracy and
computation time was evaluated for microwave heating of mashed potato at various
initial states (frozen and fresh). Coupled models used updated heat source term based on
temperature-dependent dielectric properties for every rotation; while decoupled models
used a constant heat source term based on dielectric properties at room temperature. The
simulation and validation results showed that the simplification of using the decoupled
approach did not affect the predicted temperatures considerably, while reducing the
computation time by 93%. When compared to the experiment, the averaged RMSE
values of six transient point temperatures of room-temperature and frozen decoupledmodels were 5.2 and 6.6 ˚C, respectively, which were close to those of the coupled
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models. The decoupled model can be used for screening food-package designs in a short
computation time. While this study demonstrated the feasibility of using the decoupled
approach for a homogeneous food at various initial temperatures, further study needs to
be conducted to evaluate this for heterogeneous foods.
7.1.5 Objective V – Analytical 1-D model development to reduce model complexity
A simple 1-D model assuming microwave normally incidents on the top surface of
food product was developed to predict the average heating rate (average temperature) of a
food product based on the dielectric, thermal, and physical properties. Two scenarios of
microwave propagation (without reflection and with reflection) were evaluated in the 1-D
model to predict the absorbed power density, total power absorption, and power
absorption contributed by reflection. The results showed that the absorbed power density
distribution within the food product was disturbed by the reflected microwave, causing
fluctuation of total power absorption with increased food thickness. It is necessary to
include the reflection in the 1-D model to predict the total power absorption more
accurately. Based on the 1-D model, the thicknesses of two compartments of water and
butter were adjusted from original equal thickness to achieve same heating rate. The
adjusted thicknesses were validated by heating the food product in both experiments and
3-D multiphysics based numerical model and the results matched well with each other.
The meals with adjusted thicknesses showed improved average temperature and heating
uniformity. This concept of determining thicknesses of a multicompartment is valid for
different oven cavities, food dimensions (top surface radius), food shapes, and food
combination systems. The heating uniformity improvement indices were evaluated 21
scenarios, and 18 scenarios showed improved heating uniformity. The average heating
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uniformity improvement indices of the 21 scenarios are 57.6% ±9.4% and 29.3% ±
5.3%, respectively, for HUI∆T and HUICV. Therefore, the simple 1-D model can be used
to preliminarily design the thickness of microwaveable food products based on dielectric,
thermal, and physical properties.
7.2 Recommendations for future research
In this dissertation, the challenges for the food industry to use the multiphysics
models for microwaveable food design have been addressed. Future research should be
carried out to continually expand the material properties database, improve the model
prediction ability and accuracy, and reduce the computation time and model complexity.
This dissertation collected only the material properties for mashed potato and whey
protein gel. Temperature-dependent dielectric and thermal properties of more food
ingredients need to be collected to expand the database and be available for the food
industry. The important sensitive model parameters determined in this study, such as
intrinsic permeability of water and diffusion coefficient of gas, also need to be accurately
measured for various food ingredients. The database of geometries of microwave oven
cavity should be developed by creating CAD geometry of cavity and validating them for
their performance in simulation models.

These databases of ovens and food properties

should be available on the web for the industry to use.
The multiphysics based microwave heat and mass transfer models need to be further
extended to frozen heterogeneous meals such as potpies, pizza, breakfast sandwiches, etc.
The model prediction ability and accuracy also should be further improved by
incorporating necessary physics. For example, the physics of solid mechanics may be
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included in the model, when the food product undergoes significant size change during
microwaving. To understand the effect of steam generated in the headspace due to
covered film on the top of the tray, the physics of laminar flow and heat transfer in fluids
need to be included in the comprehensive model. Comprehensive multiphysics model
also needs to be developed to understand the effect of active packaging on heating
performance of microwaveable foods, such as the susceptor used for creating crispy
bottom of pizza.
The simplification of decoupling EM analysis from heat and mass transfer analysis
should be validated for heterogeneous food product. The optimal frequencies of updating
dielectric properties and heat source need to be determined for heterogeneous food
products to improve the model efficiency in computational requirements. In addition,
simplified analytical models based on dielectric, thermal, and physical properties need to
be further extended to design of heterogeneous and multilayered meals, like lasagna.
Further, the EM field density at 12 orientations can be analyzed simultaneously using
parallel computing techniques to reduce the computation time. However, the parallel
simulation may be limited by the number of commercial licenses for running the model.
Thus, an open source based program should be developed to enable the running of
models on multigrid parallel systems. This open source model can be used in evolving of
food design and microwave oven design. In addition, the models can be deployed as a
virtual “test kitchen” on the website to be available to the food industry. The food
developers can skip the model development stage, select microwave oven and food
product components from the web database, modify the package designs (size, shape,
package types), adapt it to different microwaveable food type, and virtually “cooking”
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their designed food products. This will significantly improve the model applicability in
the food industry. This virtual “test kitchen” will reduce the number of real prototypes
tested in a real test kitchen, accelerating the product development cycle.
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